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1
DISPLAY DEVICE

TECHNICAL FIELD

One embodiment of the present invention relates to a
display device or an mput/output device. One embodiment
of the present invention relates to a display device including
a light-emitting element, such as an electroluminescence
(EL) element, and a display device including a liquid crystal
clement.

Note that one embodiment of the present invention dis-
closed 1n this specification and the like 1s not limited to the
above technical field and relates to an object, a method, or
a manufacturing method. Furthermore, one embodiment of
the present invention relates to a process, a machine, manu-
facture, or a composition of matter. Specific examples of the
technical field of one embodiment of the present invention
disclosed i this specification include a semiconductor
device, a display device, a liquid crystal display device, a
light-emitting device, a lighting device, a power storage
device, a memory device, an 1imaging device, an electronic
device, an mput device, an mput/output device, a driving
method thereof, and a manufacturing method thereof.

Note that 1n this specification, an input/output device and
an mput device may be referred to as a touch panel and a
touch sensor, respectively.

BACKGROUND ART

EL display devices are known as an active matrix display
device. A display of the active matrix EL display device
includes a plurality of pixels each having a pixel circuit and
an EL element. In the EL display device, the pixel circuit
controls the luminance of the EL element so that gray scale

display can be performed.

Generally, the EL element included in each pixel has a
light-emitting layer between a light-transmitting electrode
and a light-reflecting electrode. Light generated by the
light-emitting layer 1s extracted through the light-transmuit-
ting electrode. Note that a structure i which light 1s
extracted to a substrate having an EL element 1s referred to
as a bottom emission structure, whereas a structure in which
light 1s extracted to the side opposite to the substrate having
an EL element 1s referred to as a top emission structure.

In the top emission structure, light 1s emitted to the side
opposite to the substrate having an EL eclement, 1.e., the
counter substrate side. When a color filter 1s formed on the
counter substrate and an EL element 1s configured to emut
white light, full-color display can be achieved. Note that a
black matrix 1s provided in a region overlapping with a
non-light-emitting region of the EL element 1n order to avoid
a reduction in display quality due to light leakage between
adjacent pixels.

A plurality of reflective electrodes are regularly arranged
on a display of an EL display device. This structure has a
problem 1n that these retflective electrodes function like
mirrors and retlect an image 1n the display. Further, because
of the reflective electrodes arranged regularly, interference
fringes might appear on the display due to diffraction and
interference of light reflected by each retlective electrode. A
measure against the problems 1s to make the surface of the
reflective electrode rough. In Patent Documents 1 and 2, a
light-transmitting electrode (cathode), a light-emitting layer,
and a metal electrode (anode) are stacked 1n this order over
a resin film having dotted projections and depressions 1n 1ts
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surface, thereby forming projections and depressions in the
surface of a retlective electrode.

REFERENCE

Patent Document

[Patent Document 1] Japanese Published Patent Application
No. 2000-040584

[Patent Document 2] Japanese Published Patent Application
No. 2003-243152

DISCLOSURE OF INVENTION

Patent Document 1 1s expected to be effective to some
extent 1n terms of preventing reflection of 1mages, but there
1s a problem of a reduction in display quality due to
interference Iringes because of a dot pattern, which 1s a
highly symmetric planar shape, formed on the surface of a
resin film.

Patent Document 2 discloses a method for suppressing
diffraction of outside light by irregularly arranging projec-
tions and depression, but the planar shape of the projections
and depressions 1s round, which 1s highly symmetric; thus,
it cannot be said that suflicient measures are taken.

In addition, measures against a reduction 1n display qual-
ity due to outside light reflected by a black matrix are
required.

In view of these, an object of one embodiment of the
present invention 1s to provide a display device or an
input/output device in which irregularity of the surface
shape of a black matrix between pixels 1s increased to
suppress reflection of 1images due to reflection of outside
light and generation of interference iringes.

An object of one embodiment of the present mnvention 1s
to provide an iput/output device in which irregularity of the
surface shape of a reflective electrode 1s 1ncreased to sup-
press reflection of 1mages due to reflection of outside light
and generation of interference Iringes. An object of one
embodiment of the present invention 1s to provide a display
device or an input/output device which includes a reflective
clectrode with high irregularity of the surface shape and
which can be easily increased 1n display size and definition.

Another object of one embodiment of the present inven-
tion 1s to provide a novel display device or mput/output
device. Note that a plurality of objects do not mutually
preclude their existence. One embodiment of the present
invention does not necessarily achieve all these objects.
Objects other than those described above are apparent from
the specification, drawings, and claims and can be an object
of one embodiment of the present invention.

One embodiment of the present invention i1s a display
device including a first substrate and a second substrate. The
first substrate includes a first surface. A transistor 1s over the
first surface. The second substrate includes a second surface.
A first structure having a projection, a second structure
having a projection, and a black matrix covering the first
structure and the second structure are over the second
surtace. The first surface faces the second surface. The black
matrix has a plurality of projections reflecting the projection
of the first structure and the projection of the second
structure. A planar shape of the first structure 1s different
from a planar shape of the second structure.

One embodiment of the present invention i1s a display
device including a first substrate and a second substrate. The
first substrate includes a first surface. A first transistor, an
insulating layer, and a light-emitting element over the 1nsu-
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lating layer are over the first surface. The second substrate
includes a second surface. A first structure having a projec-
tion, a second structure having a projection, and a black
matrix covering the first structure and the second structure
are over the second surface. The first surface faces the
second surface. The sulating layer has a plurality of
depressions. The black matrix has a plurality of projections
reflecting the projection of the first structure and the pro-
jection of the second structure. A planar shape of the first

structure 1s different from a planar shape of the second
structure.

One embodiment of the present invention 1s a display
device including a first substrate and a second substrate. The
first substrate includes a first surface. A first transistor, an
insulating layer, and a light-emitting element over the 1nsu-
lating layer are over the first surface. The second substrate
includes a second surface. A first structure having a projec-
tion, a second structure having a projection, and a black
matrix covering the first structure and the second structure
are over the second surface. The first surface faces the
second surface. The msulating layer has a plurality of
depressions. The light-emitting element includes a first
clectrode, a second electrode, and a layer containing a
light-emitting material between the first electrode and the
second electrode. The first electrode has a plurality of
depressions reflecting the plurality of depressions of the
insulating layer. Planar shapes of the plurality of depressions
of the insulating layer are different from each other. The
black matrix has a plurality of projections reflecting the
projections of the first structure and the second structure. A
planar shape of the first structure 1s diflerent from a planar
shape of the second structure.

One embodiment of the present invention 1s a display
device including a first substrate and a second substrate. The
first substrate includes a first surface. A first transistor, an
insulating layer, and a third electrode over the insulating
layer are over the first surface. The second substrate includes
a second surface. A first structure having a projection, a
second structure having a projection, and a black matrix
covering the first structure and the second structure are over
the second surface. The first surface faces the second sur-
face. A liquid crystal layer 1s between the first substrate and
the second substrate. The sulating layer has a plurality of
depressions. The black matrix has a plurality of projections
reflecting the projections of the first structure and the second
structure. A planar shape of the first structure 1s different
from a planar shape of the second structure.

One embodiment of the present mvention 1s an nput/
output device including the display device and a sensor
clement. The sensor element 1s over the second surface. The
sensor element 1ncludes a first conductive layer, a second
conductive layer, and a dielectric layer. The dielectric layer
1s between the first conductive layer and the second con-
ductive layer.

One embodiment of the present invention 1s an input/
output device including the display device and an input
device. The mput device 1s over the second surface. The
iput device includes a second transistor and a sensor
clement. The sensor element includes a first conductive
layer, a second conductive layer, and a dielectric layer. The
dielectric layer 1s between the first conductive layer and the
second conductive layer. The second transistor 1s electrically
connected to the sensor element.

The display device or the mput/output device 1n the above
embodiments may have a structure 1n which a first pixel and
a second pixel are included and a planar shape of the
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depression 1n the first pixel 1s a planar shape in which the
depression 1n the second pixel 1s rotated 90°.

In the above embodiments, a structure in which the planar
shape of the depression does not have rotational symmetry
may be used.

In the above embodiments, the first structure and the
second structure may include a portion connected to each
other.

In the above embodiments, the first structure and the
second structure can include a region having a thickness of
greater than or equal to 0.2 um and less than or equal to 3
L.

In the above embodiments, the projection can include a
portion 1n which a tilt angle 1s greater than or equal to 2° and
less than or equal to 80°.

In the above embodiments, a thickness of the first struc-
ture may be different from a thickness of the second struc-
ture.

In the above embodiments, the first structure and the
second structure may include a region in which a refractive
index 1s higher than a refractive index of the black matrix.

In the above embodiments, the first structure and the
second structure may contain a material which 1s the same
as a material of the black matrix.

In the above embodiments, a structure 1n which a third
pixel and a fourth pixel are included, the third pixel overlaps
with the first structure, the fourth pixel overlaps with the
second structure, and a planar shape of the first structure 1s
a planar shape in which the second structure is rotated 90°
may be used.

In the above embodiments, a structure in which the planar
shape of the first structure or the planar shape of the second
structure does not have rotational symmetry may be used.

In the above mput/output device, a structure 1n which a
third conductive layer 1s over the second surface, the third
conductive layer 1s electrically connected to at least one of
the first conductive layer and the second conductive layer,
and a part of the third conductive layer 1s between the black
matrix and the first substrate may be emploved.

One embodiment of the present invention can provide a
display device or an mput/output device in which irregular-
ity of the surface shape of a black matrix 1s increased to
suppress generation of interference Iringes and a reduction
in display quality due to reflection of outside light.

Furthermore, one embodiment of the present invention
can provide a display device or an mput/output device 1n
which 1rregularity of the surface shape of a reflective elec-
trode 1s increased to suppress generation of interference
fringes and reflection of 1mages due to retlection of outside
light. One embodiment of the present invention can provide
a display device or an input/output device which includes a
reflective electrode with high surface shape irregulanity and
a black matrix with high surface shape irregularity and
which can be easily increased 1n display size and definition.
One embodiment of the present invention can provide a
novel display device or mput/output device. Note that the
description of these eflects does not disturb the existence of
other effects. One embodiment of the present invention does
not necessarily achieve all the effects listed above. Other
cllects will be apparent from and can be derived from the
description of the specification, the drawings, the claims,

and the like.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a cross-sectional view showing a structure
example of a display device.
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FIGS. 2A to 2E are a top view and cross-sectional views
showing examples of a black matrix having a projection.

FIGS. 3A to 3C are a top view and a cross-sectional view
of a structure example of a reflective electrode having a
depression and a top view ol an example of a planar shape
of the depression.

FIG. 4 1s a cross-sectional view showing a structure
example of a display device.

FIG. 5 1s a cross-sectional view showing a structure
example of a display device.

FIGS. 6A and 6B are perspective views showing a struc-
ture example of a touch panel.

FIGS. 7A and 7B are cross-sectional views showing a
structure example of a touch panel.

FIG. 8 1s a cross-sectional view showing a structure
example ol a touch panel.

FIG. 9 1s a cross-sectional view showing a structure
example of a touch panel.

FIG. 10 1s a cross-sectional view showing a structure
example of a touch panel.

FIGS. 11A to 11D2 are a block diagram and circuit
diagrams showing a structure of a touch panel.

FIGS. 12A to 12C are a circuit diagram and schematic
diagrams showing a structure of a touch panel.

FIGS. 13A to 13C are circuit diagrams showing a struc-
ture of a touch panel.

FIG. 14 1s a cross-sectional view showing a structure
example of a display device.

FIG. 15 1s a cross-sectional
example of a display device.

FIG. 16 1s a cross-sectional
example of a display device.

FIG. 17 1s a cross-sectional
example of a display device.

FIG. 18 1s a cross-sectional
example of a display device.

FIG. 19 1s a cross-sectional
example of a display device.

FIGS. 20A and 20B are a circuit diagram showing a
configuration example of a pixel circuit and a plan view
showing an example of planar layout of the pixel circuit,
respectively.

FIGS. 21A and 21B are plan views showing an example
ol a manufacturing method of a pixel circuit.

FIGS. 22A and 22B are plan views showing an example
ol a manufacturing method of a pixel circuit.

FIGS. 23A and 23B are plan views showing an example
of a fabricating method of a pixel circuit.

FIGS. 24A1 to 24B3 are plan views showing arrangement
examples of depressions and projections.

FIGS. 25A to 25F are diagrams showing a manufacturing,
method of depressions and projections.

FIGS. 26 A to 26D are diagrams showing examples of an
clectronic device.

FIGS. 27A to 27F are diagrams showing examples of an
clectronic device.

FIGS. 28A to 28C shows results of observing retlection of
outside light.

FIG. 29 shows measurement results of reflectance of
outside light.

FIG. 30 shows measurement results of reflectance of
outside light.

view showing a structure

view showing a structure

view showing a structure

view showing a structure

view showing a structure

BEST MODE FOR CARRYING OUT TH.
INVENTION

(L]

Embodiments of the present invention will be described in
detail with reference to the accompanying drawings. It will
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be readily appreciated by those skilled in the art that modes
and details of the present invention can be changed 1n

various ways without departing from the spirit and scope of
the present invention. Therefore, the present invention
should not be construed as being limited to the description
of the embodiments below.

In the drawings used for the description of embodiments
of the present invention, the same portions or portions
having a similar function are denoted by the same reference
numerals, and the repeated description thereof 1s omitted.

Note that 1n this specification, a semiconductor device
means a circuit mcluding a semiconductor element (e.g., a
transistor and a diode) and a device including the circuit. The
semiconductor device also means any device that can func-
tion by utilizing semiconductor characteristics. For example,
an 1mtegrated circuit, a chip including an integrated circuat,
a display device, a light-emitting device, a lighting device,
an electronic device, and the like include a semiconductor
device 1n some cases.

Note that the terms “film” and “layer” can be inter-
changed with each other depending on the case or circum-
stances. For example, the term “conductive layer” can be
changed into the term *“conductive film”, and the term
“mnsulating film™ can be changed nto the term “insulating
layer” in some cases.

Embodiment 1

An EL display device which 1s an example of one
embodiment of the present invention will be described with
reference to FIG. 1, FIGS. 2A to 2F, and FIGS. 3A to 3C.

FIG. 1 1s a cross-sectional view showing a structure
example of an EL display device 100. The EL display device
100 includes an element substrate 101 and a counter sub-
strate 102. Note that the EL display device 100 has a
top-emission structure where light 106 emitted from a
light-emitting element 105 1s extracted from the counter
substrate 102 side.

[Structure Example of Element Substrate]

The element substrate 101 includes a transistor layer 103
over the substrate 107 and a light-emitting element 105 over
the transistor layer 103. The transistor layer 103 includes a
transistor, a capacitor, wirings/a group of wirings, and the
like which are included 1n a pixel region and a driver. In FIG.
1, a transistor 109 of a pixel circuit 1s illustrated as a
representative example.

There 1s no particular limitation on the structure of the
transistor 109, and a transistor suitable for the characteristics
of a circuit formed on the element substrate 101 1s used. The
transistor 109 can thus have either a bottom-gate structure as
illustrated 1n FIG. 1 or a top-gate structure. For a semicon-
ductor layer of the transistor 109, a semiconductor film
having a single-layer structure or a multilayer structure
using any of an amorphous silicon film, a polycrystalline
silicon film, a single crystal silicon film, and an oxide
semiconductor film can be used.

The transistor layer 103 includes, in the order from the
substrate side, a first insulating layer 121, a gate electrode
122, a gate msulating layer 123, a semiconductor layer 124,
a source electrode and a drain electrode 125, a second
insulating layer 126, and a third insulating layer 127.

The first msulating layer 121 can be either a single-layer
f1lm or a stack including two or more layers, and there 1s no
particular limitation on the thickness thereof. The first
insulating layer 121 preferably has a flat top surface.
Examples of an msulating film included 1n the first insulat-
ing layer 121 include a silicon oxide mnsulating film, a silicon
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oxynitride mnsulating film, a silicon nitride oxide insulating
film, an aluminum oxide insulating film, an acrylic resin
insulating film, a polyimide resin msulating film, a benzo-
cyclobutene resin insulating film, a polyamide resin insu-
lating film, an epoxy resin insulating film, and a siloxane-
based resin insulating film. Note that the first insulating layer
121 preferably has a function as a blocking layer for
suppressing diffusion of impurities contained 1n the substrate
107 to the semiconductor layer 124.

The gate electrode 122 can be formed using a metal film
containing an element selected from molybdenum, titanium,
tantalum, tungsten, aluminum, copper, chromium, neo-
dymium, and scandium; a metal nitride film containing any
of the above elements as its component (e.g., a titanium
nitride film, a molybdenum nitride film, or a tungsten nitride
film); or the like. These metal films and metal nitride films
may be stacked, for example, tungsten (W) over tungsten
nitride, aluminum (Al) and molybdenum (Mo) over Mo,
titanium (11) over copper (Cu), Mo over molybdenum
nitride.

The gate insulating layer 123 can be formed using alu-
minum oxide, magnesium oxide, silicon oxide, silicon
oxynitride, silicon nitride oxide, silicon nitride, gallium
oxide, germanium oxide, yttrium oxide, zirconium oxide,
lanthanum oxide, neodymium oxide, hatnium oxide, tanta-
lum oxide, or the like. Note that the gate insulating layer 123
may be a stacked layer of any of the above materials. The
gate insulating layer 123 can be formed by a sputtering
method, a CVD method, an MBE method, an ALD method,
a PLLD method, or the like.

For a semiconductor layer 124, a semiconductor film
having a single-layer structure or a multilayer structure
using any ol an amorphous silicon film, a polycrystalline
silicon film, a single crystal silicon film, and an oxide
semiconductor film can be used. In the case where an oxide
semiconductor film 1s used as the semiconductor layer 124,
at least indium (In) or zinc (Zn) 1s preferably contained. As
a stabilizer for reducing variation 1n electric characteristics
of a transistor using the oxide semiconductor film, gallium
(Ga) 1s preferably additionally contained. Tin (Sn) 1s pred-
erably contained as a stabilizer. Halnium (HIf) 1s preferably
contained as a stabilizer. Aluminum (Al) 1s preferably con-
tained as a stabilizer. Zirconium (Zr) 1s preferably contained
as a stabilizer.

As another stabilizer, one or more kinds of lanthanoid
such as lanthanum (La), certum (Ce), praseodymium (Pr),
neodymium (Nd), samarium (Sm), europium (FEu), gado-
lintum (Gd), terbrum (Tb), dysprostum (Dy), holmium (Ho),
erbium (Er), thulium (Tm), ytterbium (Yb), or lutetium (Lu)
may be contained.

As the oxide semiconductor, any of the following oxides
can be used, for example: mndium oxide, gallium oxide, tin
oxide, zinc oxide, an In—7/n oxide, an Sn—7/n oxide, an
Al—7n oxide, a Zn—Mg oxide, an Sn—Mg oxide, an
In—Mg oxide, an In—Ga oxide, an In—Ga—Z7n oxide (also
referred to as IGZ0), an In—Al—Z7n oxide, an In—Sn—Z7n
oxide, an Sn—Ga—7/n oxide, an Al-—Ga—7n oxide, an
Sn—Al—7n oxide, an In—Ht—7n oxide, an In—La—7n
oxide, an In—Pr—7n oxide, an In—Nd—7n oxide, an
In—Ce—7n oxide, an In—Sm—~7n oxide, an In—FEu—7/n
oxide, an In—Gd—Z7n oxide, an In—Tb—Z7n oxide, an
In—Dy—7n oxide, an In—Ho—Z7n oxide, an In—FEr—7n
oxide, an In—Im—~7n oxide, an In—Yb—7n oxide, an
In—Lu—7n oxide, an In—Sn—Ga—7n oxide, an In—
Hi—Ga—7n oxide, an In—Al—Ga—7n oxide, an In—
Sn—Al—7n oxide, an In—Sn—H{—7n oxide, and an
In—Hi—Al—7n oxide.
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Note that each of the source and drain electrodes 125 can
be formed of a metal such as silver (Ag), gold (Au), copper
(Cu), nickel (N1), platinum (Pt), palladium (Pd), iridium (Ir),
rhodium (Rh), tungsten (W), aluminum (Al), tantalum (Ta),
molybdenum (Mo), cadmium (Cd), zinc (Zn), wron (Fe),
titanium (11), silicon (S1), germanium (Ge), zirconium (Zr),
bartum (Ba), or neodymium (Nd), an alloy thereof, metal
nitride thereof, or a stacked-layer film thereof. A stacked-
layer film i which titammum 1s formed over copper, a
stacked-layer film 1n which copper 1s formed over titanium,
a stacked-layer film 1 which titanium, aluminum, and
titanium are stacked 1n this order, and the like are particu-
larly preferable.

An oxide isulating film 1s preferably used as the second
insulating layer 126. The oxide insulating film preferably
includes a region which contains oxygen 1n excess of that 1n
the stoichiometric composition (oxygen-excess region), and
for example, can be a silicon oxide film or a silicon
oxynitride film 1including a region which contains oxygen 1n
excess of that 1in the stoichiometric composition (oxygen-
€XCEess region).

A nitride isulating film 1s preferably used as the third
isulating layer 127. For example, a silicon nitride film, a
silicon nitride oxide film, and the like can be used as the
nitride insulating film.

The transistor layer 103 1s covered with the insulating
layer 128. A retlective electrode layer 111, a light-emitting
layer 113, and a light-transmitting electrode layer 112 are
stacked over the insulating layer 128. The stack including
these layers forms the light-emitting element 105. The
reflective electrode layer 111 1s connected to the transistor
109 through an opening formed in the second insulating
layer 126, the third msulating layer 127, and the msulating
layer 128. The reflective electrode layer 111 1s a conductive
layer serving as an anode of the light-emitting element 105.
The light-emitting electrode layer 112 is a conductive layer
serving as a cathode of the light-emitting element 103.

A lhight-emitting layer 113 i1s a layer including a light-
emitting material. A light-emitting organic compound can be
given as an example of the light-emitting matenal.
Examples of the light-emitting organic compound include a
fluorescent compound (e.g., coumarin 345T) and a phos-
phorescent compound (e.g., tris(2-phenylpyridinato jiridium
(III) (abbreviation: Ir(ppvy);)). A phosphorescent compound
1s preferably used as the light-emitting organic compound, 1n
which case the emission efliciency of the light-emitting
clement 105 can be increased.

The light-emitting element 105 may include a layer other
than the light-emitting layer 113 between the reflective
clectrode layer 111 and the light-transmitting electrode layer
112. The light-emitting element 105 includes at least one
light-emitting layer containing a light-emitting organic com-
pound, and may have a structure in which the light-emitting
layer and a layer other than the light-emitting layer are
stacked. Examples of the layer other than the light-emitting
layer include a layer containing a substance having a high
hole-injection property, a layer containing a substance hav-
ing a high hole-transport property, a layer containing a
substance having a poor hole-transport property (a substance
which blocks holes), a layer containing a substance having
a high electron-transport property, a layer contaiming a
substance having a high electron-injection property, and a
layer contaiming a substance having a bipolar property (a
substance having a high electron-transport property and a
high hole-transport property).

A plurality of depressions are randomly formed 1n part of
a surface of the msulating layer 128. The retlective electrode
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layer 111 1s formed 1n contact with a surface of the insulating
layer 128; thus, a plurality of depressions reflecting projec-
tions and depressions of the surface of the insulating layer
128 are formed. The plurality of depressions are randomly
formed 1n the surface of the reflective electrode layer 111,
which can inhibit interference of a plurality of light rays
reflected by the plurality of reflective electrode layers 111 in
the pixel region.

Note that the insulating layer 128 can be formed 1 a
manner similar to that of the first insulating layer 121. Here,
a plurality of depressions are formed 1n the surface of the
insulating layer 128; thus, the insulating layer 128 1s pret-
erably formed using a photosensitive resin material that 1s
casy to process (e.g., photopolymer, photosensitive acrylic,
or photosensitive polyimide).

The reflective electrode layer 111 can have either a
single-layer structure or a layered structure where a plurality
of films are stacked, and there 1s no particular limitation on
the thickness thereof. The reflective electrode layer 111
includes at least one light-reflective conductive film that can
reflect at least the light 106. Examples of the light-reflective
conductive film include a metal film of molybdenum, tita-
nium, tantalum, tungsten, aluminum, silver, copper, chro-
mium, neodymium, scandium, or the like, or an alloy film
that contains any of these metals.

Examples of the alloy containing aluminum include an
aluminum-nickel-lanthanum alloy, an aluminum-titanium
alloy, and an aluminum-neodymium alloy. Examples of the
alloy containing silver include a silver-neodymium alloy and
a magnesium-silver alloy. An alloy contaiming gold and
copper can be used. A metal mitride can be used for the
light-reflective conductive film. Specifically, a metal nitride
film of titanium nitride, molybdenum mitride, tungsten
nitride, or the like can be used.

For example, a film having a two-layer structure where a
titanium film 1s stacked over a film contaiming an aluminum-
nickel-lanthanum alloy can be formed as the reflective
clectrode layer 111.

Alternatively, a layered film in which a light-transmitting
conductive film that transmits visible light 1s stacked over a
light-reflective conductive film may be formed as the retlec-
tive electrode layer 111. Examples of the light-transmitting
conductive {ilm include a film containing a metal oxide such
as mndium oxide containing tungsten oxide, mdium zinc
oxide containing tungsten oxide, indium oxide containing
titanium oxide, indium tin oxide containing titanium oxide,
indium tin oxide (also referred to as ITO), indium zinc
oxide, or indium tin oxide to which silicon oxide 1s added.

An msulating layer 129 1s formed over the insulating layer
128 1n the element substrate 101. The 1nsulating layer 129
has an opening 130. A region in the opening 130 where the
reflective electrode layer 111, the light-emitting layer 113,
and the light-transmitting electrode layer 112 are stacked
serves as the light-emitting element 105. Note that the
insulating layer 129 serves as a partition for separating the
light-emitting elements 105 1n the adjacent pixels {from each
other.

An msulating layer 131 1s formed over the insulating layer
129. The msulating layer 131 has a function as a spacer for
maintaining a gap between the element substrate 101 and the
counter substrate 102.

The 1msulating layer 129 and the msulating layer 131 can
cach have either a single-layer structure or a layered struc-
ture including two or more layers, and there 1s no particular
limitation on the thicknesses thereof. The isulating layer
129 and the msulating layer 131 are preferably formed using
a photosensitive resin material such as photopolymer, pho-
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tosensitive acrylic, or photosensitive polyimide. The 1nsu-
lating layer 131 may be an inorganic insulating material such
as a silicon oxide film that can be formed by a CVD method,
a sputtering method, or the like.

The light-emitting layer 113 and the light-transmitting
clectrode layer 112 are stacked in the whole pixel region to
cover the msulating layer 129 and the nsulating layer 131.
The light-emitting element 105 has a structure 1n which a
wavelength range 1 each pixel 1s the same, specifically, the
light-emitting element 105 emits white light.

The light-transmitting electrode layer 112 can have either
a single-layer structure or a layered structure, using a
light-transmitting conductive film that transmits visible
light. Examples of the conductive film that transmits visible
light include a film containing a metal oxide such as indium
oxide contaiming tungsten oxide, indium zinc oxide contain-
ing tungsten oxide, indium oxide containing titanium oxide,
indium tin oxide containing titanium oxide, mdium tin
oxide, indium zinc oxide, or indium tin oxide to which
silicon oxide 1s added. Alternatively, a metal (e.g., silver)
film that 1s thin enough to transmit light (preferably has a
thickness of approximately greater than or equal to 5 nm and
less than or equal to 30 nm) may be used.

Instead of the light-transmitting electrode layer 112, a
semi-transmissive electrode layer (also referred to as a
transflective electrode layer) having both a light-reflecting
property and a light-transmitting property may be provided.
The semi-transmissive electrode layer can be formed of, for
example, a layered film of a metal thin film (preferably has
a thickness of less than or equal to 20 nm, more preferably
less than or equal to 10 nm) and the above-described
light-transmitting metal oxide film. As the metal thin film, a
f1lm with a single-layer structure or a layered structure using
silver, magnesium, or an alloy containing such a metal
material can be used.

The use of the semi-transmissive electrode layer allows
the light-emitting element 105 to have a micro-cavity struc-
ture. In a micro-cavity structure, part of light emission from
the light-emitting layer 113 is repeatedly retlected between
the retlective electrode layer 111 and the semi-transmissive
clectrode layer; accordingly, the intensity of light in a
specific wavelength range can be increased by interference
and extracted.

[Structure Example of Counter Substrate]

The counter substrate 102 includes a substrate 108, a
plurality of structures 180, a black matrix 186, color filters
181, 182, and 183, and an overcoat 184. In addition, an
anti-reflection film (AR film) 187 1s provided on the side
opposite to the color filter side of the counter substrate 102.
The reason why the counter substrate 102 and the anti-
reflection film 187 are described separately i1s that the
anti-reflection film 187 1s bonded after the substrates are
divided 1n general.

The plurality of structures 180 are formed on the substrate
108. Each of the structures 180 preferably has a projecting
shape. The plurality of structures 180 can have either a
single-layer structure or a layered structure including two or
more layers. The plurality of structures 180 are preferably
formed using a photosensitive resin material such as pho-
topolymer, photosensitive acrylic, or photosensitive polyim-
ide. The plurality of structures 180 may be formed using an
inorganic insulating material such as silicon oxide that can
be formed by a CVD method, a sputtering method, or the
like.

The black matrix 186 is 1n contact with the plurality of
structures 180. Note that the black matrix 1s sometimes
referred to as a light blocking layer. The black matrix 186
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has a function of blocking light that enters the EL display
device 100 through the substrate 108 and a function of
blocking part of light emitted from the light-emitting layer
113 to suppress interference between adjacent pixels. The
black matrix 186 may have a single-layer structure or a
layered structure including two or more layers. Examples of
a film of the black matrix 186 are a chromium film, a
titanium film, a mickel film, a high molecular layer 1n which
carbon black 1s dispersed.

The color filters 181 to 183 are adjacent to the black
matrix 186. The color filters 181 to 183 are optical filter
layers for converting the light (white light) emitted by the
light-emitting layer 113 into light of different colors. For
example, the use of red, green, and blue color filters as the
color filter layers 181 to 183 allows the EL display device
100 to perform full-color display. A color filter may be
provided on the substrate 107 side.

An overcoat 184 has functions of planarizing the surface
of the counter substrate 102 and preventing diffusion of
impurities (such as water and/or oxygen). The overcoat 184
can be formed using, for example, a polyimide resin, an
epoXy resin, an acrylic resin, or the like.

The counter substrate 102 may be provided with a drying
agent to prevent the light-emitting element 105 from dete-
riorating. For a similar purpose, a space 104 between the
substrate 107 and the substrate 108 1s preferably filled with
an 1nert gas, such as a nitrogen gas or an argon gas, or a solid
substance, such as a resin material. When the space 104 1s
filled with a material (e.g., resin) with a refractive index
higher than that of the light-transmaitting electrode layer 112,
total reflection can be reduced at the interface between the
light-transmitting electrode layer 112 and the space 104,
leading to the increase 1n extraction efliciency of the light
106.

As the substrate 107, a substrate having heat resistance
high enough to resist a fabricating process of the element
substrate 101 can be used. As the substrate 108, a substrate
having heat resistance high enough to resist a fabricating
process of the counter substrate 102 can be used.

Examples of substrates that can be used as the substrates
107 and 108 include a non-alkal1 glass substrate, a barium
borosilicate glass substrate, an aluminoborosilicate glass
substrate, a ceramic substrate, a quartz substrate, a sapphire
substrate, a metal substrate, a stainless-steel substrate, a
plastic substrate, a polyethylene terephthalate substrate, and
a polyimide substrate.

Supporting substrates (e.g., glass substrates) used in fab-
ricating the element substrate 101 and the counter substrate
102 are separated, and flexible substrates may be attached
with a bonding layer. A typical example of each of the
flexible substrates 1s a plastic substrate. In addition, thin
glass with a thickness of greater than or equal to 20 um and
less than or equal to 50 um, metal foil, or the like can be
used. The use of tlexible substrates as the substrates 107 and
108 enables the EL display device 100 1tself to be bent.

Therelfore, 1n this specification and the like, a transistor
can be formed using any of a variety of substrates, for
example. The type of a substrate 1s not limited to a certain
type. A semiconductor substrate (e.g., a single crystal sub-
strate or a silicon substrate), an SOI substrate, a glass
substrate, a quartz substrate, a plastic substrate, a metal
substrate, a stainless steel substrate, a substrate including
stainless steel fo1l, a tungsten substrate, a substrate including
tungsten foil, a tlexible substrate, an attachment film, paper
including a fibrous material, a base material film, or the like
can be used, for example. As an example of a glass substrate,
a bartum borosilicate glass substrate, an aluminoborosilicate
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glass substrate, a soda lime glass substrate, or the like can be
given. Examples of the flexible substrate, the attachment
{1lm, the base material film, or the like are as follows: plastic
typified by polyethylene terephthalate (PET), polyethylene
naphthalate (PEN), and polyether sulfone (PES); a synthetic
resin such as acrylic; polypropylene; polyester; polyvinyl
fluoride; polyvinyl chloride; polyamide; polyimide; aramid;
epoXy; an 1norganic vapor deposition film; and paper. Spe-
cifically, the use of semiconductor substrates, single crystal
substrates, SOI substrates, or the like enables the manufac-
ture of small-sized transistors with a small vanation in
characteristics, size, shape, or the like and with high current
capability. A circuit using such transistors achieves lower
power consumption of the circuit or higher integration of the
circuit.

A flexible substrate may be used as the substrate, and the
transistor may be provided directly on the flexible substrate.
A separation layer may be provided between the substrate
and the transistor. The separation layer can be used when
part or the whole of a semiconductor device formed over the
separation layer 1s separated from the substrate and trans-
ferred onto another substrate. In such a case, the transistor
can be transferred to a substrate having low heat resistance
or a flexible substrate as well. For the above separation layer,
a stack including inorganic films, which are a tungsten film
and a silicon oxide film, or an organic resin film of poly-
imide or the like formed over a substrate can be used, for
example.

In other words, a transistor may be formed using one
substrate, and then transferred to another substrate.
Examples of a substrate to which a transistor 1s transferred
include, 1n addition to the above substrate over which the
transistor can be formed, a paper substrate, a cellophane
substrate, an aramid film substrate, a polyimide film sub-
strate, a stone substrate, a wood substrate, a cloth substrate
(including a natural fiber (e.g., silk, cotton, or hemp), a
synthetic fiber (e.g., nylon, polyurethane, or polyester), a
regenerated fiber (e.g., acetate, cupra, rayon, or regenerated
polyester), and the like), a leather substrate, and a rubber
substrate. When such a substrate 1s used, a transistor with
excellent properties or a transistor with low power consump-
tion can be formed, a device with high durability, high heat
resistance can be provided, or reduction 1n weight or thick-
ness can be achieved.

The structure of the black matrix having projections will
be described 1n detail with reference to FIGS. 2A to 2E.
[Structure Example of Black Matrix]

FIGS. 2A and 2B are a planar view and a cross-sectional

view ol a structure example of the black matrix 186. FIGS.
2C to 2E are cross-sectional views of other structure
examples of the black matrix 186.

FIG. 2A shows planar shapes and positions of the plurality
of structures 180 on the substrate 108, the black matrix 186,
and the color filters 181 to 183. Note that FIG. 2A shows the
side of the substrate 108 where the black matrix 186 and the
like are not formed, 1.e., the reverse side of the substrate 108.

FIG. 2B 1s a cross-sectional view taken along dashed
dotted line X-Y 1n FIG. 2A. As shown 1n FIGS. 2A and 2B,
the black matrix 186 covers the plurality of structures 180
including a first structure 180a and a second structure 1805.
The black matrix 186 thus has a plurality of projections 1n
the surface that reflects the shape of the plurality of struc-
tures 180. As shown in FIG. 2A, the planar shape of the
projection of the first structure 180q 1s different from that of
the second structure 1805. In other words, the plurality of
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structures 180 have irregular planar shapes and thus the
plurality of projections of the black matrix 186 also have
irregular planar shapes.

It 1s not preferable that the planar shape of the structures
180 have rotational symmetry like a circle and a regular
polygon. In particular, irregular planar shapes, such as a
mottled pattern, a snakeskin pattern, a leopard pattern, and
a marble pattern, can reduce interference fringes caused by
reflection of outside light.

The plurality of structures 180 may be connected to each
other as shown 1n FIG. 2C. Since the plurality of structures
180 includes a continuous region, can be favorably covered
by the black matrix 186 formed thereon. When the structure
180 1s formed of the same material as the black matrix 186,
the structure 180 can have a function as a light blocking
layer. It 1s preferable that the plurality of structures 180 have
an 1sland shape as shown in FIG. 2B. The projections of the
black matrix 186 also have an 1sland shape that reflects the
plurality of 1sland-shaped structures 180; thus, the effect of
suppressing interference fringes can be increased.

It 1s preferable that the projections of the structures 180
cach have a height (a thickness of the thickest part) of from
0.2 um to 3 um, more preferably from 1 um to 2 um.

The structure 180 1s preferably tapered such that the
thickness 1s gradually increased from the edge. When the
structure 180 1s tapered, the structure 180 can be sufliciently
covered by the black matrix 186 formed thereon. The
inclination (taper angle) of the structure 180 can be more
than or equal to 2° and less than or equal to 80°, preferably
more than or equal to 5° and less than or equal to 60°, more
preferably more than or equal to 10° and less than or equal
to 45°.

FIG. 2D shows an example in which the first structure
180a and the second structure 1805 have diflerent heights.
The structures different in heights allow the height of
projections of the black matrix 186 to vary from region to
region; thus, the effect of inhibiting interference fringes can
be increased.

FIG. 2E shows an example 1n which the first structure
180a and the second structure 1805 are formed with a
material having a refractive index different from that of the
black matrix 186. It 1s particularly preferable that the refrac-
tive imndex of the matenal be larger than that of the black
matrix 186. Note that the first structure 180a and the second
structure 1806 may be formed with the same material as the
black matrix 186.

The structure 180 overlapping with one pixel preferably
has a planar shape obtained by translational operation and
rotational operation of the structure 180 overlapping with
another pixel. For example, the planar shape of the structure
180 overlapping with one pixel 1s preferably obtained by
rotating the structure 180 overlapping with another pixel
90°.

Next, the structure of a reflective electrode 1s described in
detail with reference to FIGS. 3A to 3C.
| Structure Example of Retlective Electrode Layer (Reflec-
tive Electrode)]

FIG. 3A 1s a plan view 1illustrating a structure example of
the reflective electrode layer 111. FIG. 3B 1s a cross-
sectional view thereof. FI1G. 3C 1s a plan view 1illustrating an
example ol a planar shape of a depression formed in the
surface of the reflective electrode layer 111.

The reflective electrode layer 111 has a plurality of
depressions 141 reflecting the surface of the msulating layer
128. As illustrated in FIG. 3A, the plurality of depressions
141 are formed 1n a region 140 of the insulating layer 128.
In FIG. 3A, the depressions 141 are formed only 1n a region
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of the insulating layer 128 in which the light-emitting
clement 105 1s stacked. The region 140 includes the whole
region of the msulating layer 129 1n which the opening 130
1s formed.

An opening 142 1s formed in the insulating layer 128. The
reflective electrode layer 111 1s connected to the transistor

109 through the opening 142 (see FIG. 1). The opening 142
1s out of the region 140 in order to prevent poor connection
between the reflective electrode layer 111 and the transistor
109 1n the opening 142 (see FIG. 1 and FIG. 3A).

Note that the retlective electrode layer 111 preferably has
a curved surface due to the depressions 141. This 1s because
a too large difference 1n height of the surface of the reflective
clectrode layer 111 makes 1t diflicult to form the light-
emitting layer 113 on the reflective electrode layer 111 and
leads to a reduction 1n extraction efhiciency of the light 106
to the outside of the substrate 108. For this reason, a depth
D1 of the depression 141 1s, for example, greater than or
equal to 0.2 um and less than or equal to 1.5 um, and 1s
preferably greater than or equal to 0.2 um and less than or
equal to 1.2 um.

A tilt angle 01 of the depression 141 1s greater than or

equal to 2° and less than or equal to 15°, preferably greater

than or equal to 2° and less than or equal to 12°.
The depth D1 and the tilt angle 01 of the depression 141

will be described with reference to FIG. 3B. The depth D1
can be calculated from a thickness diflerence of the 1nsu-
lating layer 128 in the depression 141 between a thickness
H1 of the thickest portion (referred to as a mountain of the
depression) and a thickness H2 of the thinnest portion
(referred to as a valley of the depression). That 1s, D1=H1-
H2 1s satisfied.

The t1lt angle 01 1s formed by extension lines .01 and .02
in the cross section of the reflective electrode layer 111. The
extension lime LO1 in the cross section of the reflective
clectrode layer 111 1s a straight line that passes through the
bottom of the valley of the depression 141 and 1s parallel to
the surface of the substrate 107. The extension line L.O2 1s a
straight line that passes through the top of the mountain and
the bottom of the valley of the depression 141.

The size of the planar shape of the depression 141 1s,
depending on the size of the region 140 (the reflective
clectrode layer 111 in the region 140), greater than or equal
to 5 um and less than or equal to 30 um. Note that the size
of the depression 141 can be determined by a diameter ¢l
of a circumcircle Cir01 of the depression 141 as i1llustrated
in FIG. 3C and by a distance between the top of a mountain
and that of the others of the depression 141 in the cross
section of the reflective electrode layer 111. When the
depressions 141 are too small, the light 106 1s scattered by
the surface of the reflective electrode layer 111, decreasing
extraction efliciency of the light 106; whereas when the
depressions 141 are too large, an eflect of inhibiting inter-
ference iringes 1s hardly achieved.

The size of the depression 141 including the border of the
region 140, like a depression 1414, may be less than or equal
to 10 um. The proportion of depressions with a size of
greater than 10 um and less than 30 um among the plurality
of depressions 141 in the region 140 of one reflective
clectrode layer 111 1s higher than or equal to 60%.

Although the shapes and sizes of the plurality of depres-
sions 141 are diflerent from each other as illustrated in FIG.
3 A, the depressions 141 are preferably arranged at the same
density among the plurality of reflective electrode layers
111. For example, the proportion of the total area of the
depressions 141 to the area of the region 140 (or the opening
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130) 1s higher than or equal to 30% and lower than or equal
to 70%, preferably higher than or equal to 40% and lower
than or equal to 60%.

The surface of the reflective electrode layer 111 has the
plurality of depressions 141 whose shapes and sizes are
different from each other as illustrated in FIGS. 3A to 3C;
thus, the projections and depressions of the surface of the
reflective electrode layer 111 can be provided in irregular
shapes and sizes. This can inhibit interference of light
reflected by the plurality of reflective electrode layers 111 in
the pixel region, and can make interference fringes on the
screen of the EL display device 100 unlikely appear.

The thickness of the reflective electrode layer 111 1s
approximately several hundred nm, for example. Thus, the
depressions formed 1n the insulating layer 128 should have
shapes similar to those of the depressions 141 1n order that
the depressions 141 be formed 1n the above-described man-
ner. Therefore, the shapes of the depressions 141 shown in
FIGS. 3A to 3C can be applied to that of the insulating layer
128.

A method for forming projections and depressions 1n the
surface of the reflective electrode layer 111 1s not limited to
the method of forming a plurality of depressions in the
surface of the insulating layer 128. There 1s another method
in which a conductive film to be the reflective electrode layer
111 1s formed on the insulating layer 128 having a flat
surface and then a plurality of depressions or projections are
formed in the surface of the conductive film.

This embodiment can increase irregularity of the surface
shape of the reflective electrode of the light-emitting ele-
ment, leading to inhibition of interference fringes and reflec-
tion of 1mages due to outside light reflected by the display
of the EL display device. The projections on the surface of
the black matrix can also inhibit interference iringes and
reflection of 1images due to outside light.

This embodiment can be implemented in approprate
combination with any of the structures described in the other
embodiments.

Embodiment 2

Embodiment 2 describes a structure of an active matrix
EL display device 1n detail.

FIG. 4 and FIG. 5 are cross-sectional views each 1illus-
trating a structure example of an EL display device. FIG.
20A 1s a circuit diagram 1illustrating a configuration example
of a pixel circuit. FIG. 20B 1s a planar layout diagram of the
pixel circuit.

As shown 1n FIG. 4, an EL display device 260 1s similar
to the EL display device 100 (FIG. 1) and includes an
clement substrate 201 and a counter substrate 202. The
counter substrate 202 1s fixed to the element substrate 201
with a sealant (not illustrated). The EL display device 260
has a top-emission structure like the EL display device 100.
A light 200 from a pixel region 1s emitted from the counter
substrate 202 side.

A light-emitting layer which emits white light 1s included
in a light-emitting element in the pixel region, and the
counter substrate 202 1s provided with a color filter so that
tull-color display can be performed. Note that a method for
performing full-color display 1s not limited to this.

A circuit mounted on the element substrate 201 includes
transistors of a single conductivity type; the transistors in
this embodiment are all n-channel transistors. The transis-
tors formed in the element substrate 201 1n this embodiment
are all transistors i which a channel 1s formed 1n oxide
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semiconductor layer. Hereinafter, such a {transistor 1s
referred to as an OS transistor.
[Example of Structure of Pixel Circuit]

The pixel region of the EL display device 1s provided with
a plurality of gate lines 301 (hereinafter also referred to as
GLs 301), a plurality of source lines 321 (heremafter also
referred to as SLs 321), power supply lines 302 (hereinafter
also referred to as ANLs 302); and power supply lines 322
(heremaftter also referred to as PYLs 322).

The pixel circuit 230 includes an light-emitting element
ED1 (heremnafter also simply referred to as ED1), three
transistors (M1, M2, and M3), and one capacitor Cpl (see
FIG. 20A). The transistor M1 1s a switch that controls
conduction between the pixel circuit 230 and the SL 321. A
gate of the transistor M1 1s connected to the GL 301, a drain
of the transistor M1 1s connected to the SIL 321, and a source
of the transistor M1 1s connected to a gate of the transistor.
M2. The transistor M2 functions as a current source of ED1.
A drain of the transistor M2 i1s connected to the ANL 302,
and a source of the transistor M2 1s connected to an anode
of ED1. The capacitor Cpl1 1s connected between the gate of
the transistor M2 and the anode of ED1. The transistor M3
has a function of keeping the voltage of the anode of ED1
when the transistor M1 1s on. A gate of the transistor M3 1s
connected to the GL 301, a drain of the transistor M3 1s
connected to the anode of ED1, and a source of the transistor
M3 1s connected to the PVL 322.

Here, for easy understanding of the function of the pixel
circuit 230, the source and the drain of the transistors M1 to
M3 are distinguished from each other. However, the source
and the drain of the transistor may be interchanged with each
other depending on the voltage applied to the transistor.
Thus, a distinction between a source and a drain of a
transistor in one embodiment of the present invention 1s not
limited to the distinction between the source and the drain of
the transistor 1n this embodiment. Here, the circuit includes
n-channel transistors; therefore, a terminal (electrode) to
which a high-level signal and high power supply voltage are
mainly input 1s referred to as a dramn, and a terminal
(electrode) to which a low-level signal and low power
supply voltage are mainly input 1s referred to as a source.

Here, constant voltage as power supply voltage 1s applied
to a cathode of ED1, the ANL 302, and the PVL 322.
Positive voltage as high power supply voltage 1s applied to
the ANL 302, and negative voltage as low power supply
voltage 1s applied to the cathode of ED1 and the PVL 322.
Note that power supply voltage applied to the cathode of
ED1 1s lower than power supply voltage applied to the PVL
322.

In the light-emitting display device 260, the light-emitting,
clements ED1 1n all the pixel circuits 230 are light-emitting
clements that emit white light and a color filter substrate 1s
provided with a color filter of red, green, and blue (RGB),
whereby full-color display 1s performed. Thus, a unit pixel
(P1x) includes three pixel circuits 230 for RGB provided 1n
the same row so as to be adjacent to each other. FIG. 20B
corresponds to a planar layout of the unit pixel. FIG. 4 shows
a cross section of the pixel circuit 230 in a cross section of
the EL panel 260. FI1G. 4 1s not a cross-sectional view of the
pixel circuit 230 taken along a specific line but a view for
illustrating the layered structure of the pixel circuit 230. In
FIG. 4, the transistor M2, the capacitor Cpl, and ED1 are
illustrated.
|[Example of Manufacturing Method of Element Substrate]

Structures and fabricating methods of the pixel circuits
230 will be described below with reference to FIG. 4, FIGS.

20A and 20B, FIGS. 21A and 21B, FIGS. 22A and 22B, and
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FIGS. 23A and 23B. Note that a source driver and a gate
driver are also formed over the element substrate 201 1n a
fabricating process of the pixel circuit 230. Therefore,
transistors and capacitors with structures similar to those of
the transistor and the capacitor 1n the pixel circuit 230 are
formed 1n the drivers. The element substrate 201 can be
formed 1n a manner similar to that of the element substrate
101.

| Transistor and Capacitor]

First, wirings and an electrode (the GL 301, the ANL 302,
and an electrode 303) in a first layer are formed over a
substrate 401 (FIG. 21A). The electrode 303 forms the gate
clectrode of the transistor M2 and a terminal (electrode) of
the capacitor Cpl. The wirings and electrode (301, 302, and
303) 1n a first layer are formed using a conductive film with
a single-layer structure or a layered structure including two
or more layers. Examples of such a conductive film 1nclude
a metal film of aluminum, chromium, copper, tantalum,
titanium, molybdenum, tungsten, or the like, any of the
metal films to which another metal element 1s added, an
alloy film containing one or more kinds of the above metal
clements, and a compound film containing one or more
kinds of the above metal elements. For example, a tungsten
f1lm 1s formed to a thickness 1n the range from 180 nm to 250
nm by a sputtering method, and this tungsten film 1s pro-
cessed in photolithography and etching steps to form the
wirings and electrode (301 to 303) in the first layer.

Then, an insulating layer 351 1s formed so as to cover the
wirings and electrode (301 to 303) 1n the first layer (FIG. 4).
The insulating layer 351 forms gate insulating layers 1n the
transistors M1 to M3. The insulating layer 351 can have
cither a single-layer structure or a layered structure.
Examples of a film that can be used for the mnsulating layer
351 include oxide films such as a silicon oxide film, an
aluminum oxide film, and a hatnium oxide film, nitride films
such as a silicon nitride film and aluminum nitride film,
oxynitride films such as a silicon oxynitride film and an
aluminum oxynitride film, and nitride oxide films such as a
silicon nitride oxide film and an aluminum nitride oxide
f1lm.

Note that 1n this specification, oxymtride refers to a
substance that contains more oxygen than nitrogen, and
nitride oxide refers to a substance that contains more nitro-
gen than oxygen.

For example, for the insulating layer 351, a silicon nitride
film with a thickness 1n the range from 300 nm to 450 nm
and a silicon oxynitride film with a thickness in the range
from 20 nm to 100 nm are formed. Note that the silicon
nitride {ilm may be formed to have a layered film by
performing a step of forming a silicon nitride film two or
more times.

An oxide semiconductor layer 311, an oxide semiconduc-
tor layer 312, and an oxide semiconductor layer 313 are
limited over the msulating layer 351 (FIG. 21A). An oxide
semiconductor film with a single-layer structure or a layered
structure 1ncluding two or more layers are formed by a
sputtering method, a coating method, a pulsed laser depo-
sition method, a laser ablation method, or the like. As the
oxide semiconductor film, a semiconductor film containing
a metal oxide such as an In—Ga oxide, an In—~7n oxide, an
In-M-7Zn oxide (M 1s Al, T1, Ga, Y, Zr, La, Ce, Nd, or Hf) can
be firmed.

Then, openings 411 and 412 are formed 1n the nsulating
layer 351 1n photolithography and etching steps (FI1G. 21A).
The opening 411 1s formed to connect the transistor M1 and
the capacitor Cpl. The opening 412 1s formed to connect the

transistor M2 and the ANIL. 302.
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Wirings and electrodes (the SL 321, the PVL 322, an
clectrode 323, an electrode 324, and an electrode 325) in a
second layer are formed over the mnsulating layer 351 (FIG.
21B). The wirings and electrodes (321 to 325) 1n the second
layer can be formed 1n a manner similar to that of the wirings
and electrode (301 to 303) in the first layer. For example, a
copper 1llm 1s formed by a sputtering method and then
processed in photolithography and etching steps, so that the
wirings and electrodes (321 to 325) 1n the second layer are
formed. Alternatively, the wirings and electrodes (321 to
325) in the second layer may be formed using a film having
a three-layer structure of a titanium film, an aluminum film,
and a titanium film.

The electrode 323 forms a source electrode of the tran-
sistor M1. The electrode 324 forms a drain electrode of the
transistor M2 and an electrode (terminal) of the capacitor
Cpl. A region where the mnsulating layer 351, the electrode
303, and the electrode 324 overlap with each other focus the
capacitor Cpl that uses the msulating layer 351 as a dielec-
tric (FIG. 4).

Through the above steps, the transistors M1 to M3 and the
capacitor Cpl are formed.
|Light-Emitting Element]

Next, an msulating layer 352 1s formed so as to cover the
transistors M1 to M3 and the capacitor Cpl (FIG. 4). The
insulating layer 352 can be formed in a manner similar to
that of the msulating layer 351. For example, a film having
a three-layer structure of a silicon oxynitride film, a silicon
oxynitride film, and a silicon nitride film 1s formed for the
insulating layer 352. Then, the opening 413 1s formed 1n the
isulating layer 352 so as to reach the electrode 324 (FIG.
21B).

The insulating layer 353 i1s formed so as to cover the
isulating layer 352 (FI1G. 4). Here, a plurality of depres-
sions are formed in the insulating layer 353 like in the
insulating layer 128 (see FIG. 1 and FIGS. 2A to 2C). Thus,
here, the msulating layer 353 1s formed using a photosen-
sitive resin material that can be easily processed (e.g.,
photopolymer, photosensitive acrylic, or photosensitive
polyimide). An opening 414 1s formed 1n the insulating layer
353 to connect ED1 and the electrode 324 (FI1G. 22A).

For example, the msulating layer 353 may be formed by
performing an exposure step and a development step of a
photosensitive resin material twice. First, a positive photo-
sensitive resin material 1s applied to a surface of the insu-
lating layer 352. Then, the photosensitive resin material 1s
subjected to exposure treatment using a photomask that
exposes a portion where the opening 414 1s formed, and after
that, development and baking steps are performed, so that a
lower layer of the insulating layer 353 1s framed. A positive
photosensitive resin material 1s applied again and exposure,
development, and baking steps are performed, whereby an
upper layer of the msulating layer 353 1s formed. A photo-
mask that allows openings 414 and depressions 361 to be
exposed to light 1s used in the second exposure step.

Through such steps, the insulating layer 353 having the
depressions 361 1s formed. As illustrated 1n FIG. 22A, a
region 360 where the depressions 361 are formed and a
region where a reflective electrode layer 331 serves as a
cathode of ED1 overlap with each other. Here, the depres-
sions 361 are not formed 1n a region of the msulating layer
353 that does not overlap with the reflective electrode layer
331.

Here, a umt pixel Pix includes three pixels of red, green,
and blue (RGB) (PixR, P1xG, and PixB). The planar shapes
of all the depressions 361 1n three regions 360 included 1n
the unit pixel Pix are different from each other. By thus
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forming the plurality of depressions 361, the surface shapes
of the reflective electrode layers 331 that are adjacent to each
other 1n the column direction can be different from each
other. Therefore, when all the reflective electrodes 1n the
pixel region are regarded as one mirror surface, irregularity
of the surface shape of the mirror surface can be increased.
The planar shapes and arrangement of the depressions 361
are determined in terms of the unit pixel Pix, whereby a
photomask for forming the depressions 361 1n the insulating,
layer 353 can be easily designed even when the EL panel
260 1s increased 1n area or density.

Next, the retlective electrode layer 331 1s formed over the
insulating layer 353 (FIG. 4 and FIG. 22B). Here, for
example, a metal film with a three-layer structure of a
fitanium film, an aluminum film, and a titanium film 1s
formed, and this metal film 1s processed 1n photolithography
and etching steps to form the reflective electrode layer 331.
Alternatively, the reflective electrode layer 331 may be
formed using a stack of a silver film and an indium tin oxide
f1lm to which silicon oxide 1s added. The surface shape of the
reflective electrode layer 331 reflects the surface shape of
the msulating layer 353; thus, the plurality of depressions
361 are formed 1n the surface of the reflective electrode layer
331.

A hight-transmitting conductive layer 334 1s formed over
the reflective electrode layer 331 (FIG. 4). Here, a semi-
transmissive electrode 1s provided as the cathode of ED1 to
form a micro-cavity structure. The light-transmitting con-
ductive layer 334 functions as an adjustment layer that
adjusts the optical path length between the reflective elec-
trode layer 331 and a semi-transmissive layer 332. The
thickness of the light-transmitting conductive layer 334 1s
adjusted 1n accordance with color of light extracted from the
pixel. Here, the unit pixel PIX includes the three pixels of
red, green, and blue (RGB) (P1xR, P1x(, and PixB); there-
tore, the thickness of the light-transmaitting conductive layer
334 15 adjusted 1n accordance with the wavelength range of
light of RGB. The surface of the light-transmitting conduc-
tive layer 334 1s has an 1rregular shape similar to that of the
reflective electrode layer 331.

The 1insulating layer 354 including an opening 420 1s
formed using a photosensitive resin material so as to cover
the reflective electrode layer 331 and the light-transmitting
conductive layer 334. The opening 420 and the region 360
of the reflective electrode layer 331 1n which the depressions
361 arc formed overlap with each other (FIG. 4 and FIG.
22B).

The msulating layer 355 serving as a spacer 1s formed
over the msulating layer 354 (FIG. 4 and FIG. 23A). The
insulating layer 355 1s formed using a photosensitive resin
material. In this example, the insulating layer 335 1s formed
in a region that overlaps with the SL 321, as illustrated 1n
FIG. 23A.

A light-emitting layer 333 and the semi-transmissive
conductive layer 332 are formed so as to cover the insulating
layer 353 and the insulating layer 354. The semi-transmis-
sive conductive layer 332 1s shared by all the pixel circuits
230 and functions as the cathode of ED1. A portion where
the reflective electrode layer 331, the light-transmitting
conductive layer 334, the light-emitting layer 333, and the
semi-transmissive conductive layer 332 are stacked in the
opening 420 functions as ED1.

The element substrate 201 1s completed through the above
steps.
|Counter Substrate]

The counter substrate 202 can be formed 1n a similar
manner to the counter substrate 102. A plurality of structures
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378 are formed on the substrate 402. A black matrix 379
covers the plurality of structures 378. The black matrix 379
has a projecting shape reflecting the shape of the plurality of
structures 378.

Color filters 380R, 380G, and 380B corresponding to R,
(5, and B are formed. As illustrated in FIG. 23B, the color
filters 380R, 380G, and 380B are arranged 1n stripes.

An overcoat 384 1n contact with the color filters 380R,

380G, and 380B may be formed as 1n the counter substrate

102.
The counter substrate 202 1s completed through these
steps. After that, the counter substrate 202 1s bonded to the

element substrate 201 with a sealant, and then, the element
substrate 201 and the counter substrate 202 are divided. An

anti-reflection film 385 1s formed on the side of the counter

substrate 202 opposite to the side where the color filters
380R, 380G, and 380B are formed. An FPC 1s mounted to

a terminal of the element substrate 201. Through such
necessary assembly steps, the EL display device 260 1s
completed.

As needed, a space 390 between the element substrate 201
and the counter substrate 202 may be filled with an 1nert gas,
such as a nitrogen gas or an argon gas, an inert liquid, or a
resin material.

In this specification and the like, an active matrix method
in which an active element 1s included 1n a pixel or a passive
matrix method m which an active element 1s not included in
a pixel can be used for an EL display device.

In an active matrix method, as an active element (a
non-linear element), not only a transistor but also various
active elements (non-linear elements) can be used. For
example, an MIM (metal isulator metal), a TFD (thin film
diode), or the like can also be used. Since such an element
has few numbers of manufacturing steps, manufacturing
cost can be reduced or yield can be improved. Since the size
of the element 1s small, the aperture ratio can be improved,
so that power consumption can be reduced or higher lumi-
nance can be achieved.

Other than an active matrix display device, a passive-
matrix display device, in which an active element (non-
linear element) 1s not used, can also be used. Since an active
clement (a non-linear element) 1s not used, the number of
manufacturing steps 1s small, so that manufacturing cost can
be reduced or vield can be mmproved. Since an active
clement (a non-linear element) 1s not used, the aperture ratio
can be improved, so that power consumption can be reduced
or higher luminance can be achieved, for example.

This embodiment can be immplemented 1n appropriate
combination with any of the structures described in the other
embodiments.

Embodiment 3

In Embodiment 3, another mode of an active matrix EL
display device 1s described with reference to FIG. 5.

An EL display device 261 shown in FIG. S includes the
black matrix 379 and the reflective electrode layer 331. The
black matrix 379 has projections, and the reflective electrode
layer 331 in the opening 420 does not have a depression. It
1s diflicult to reduce reflection of outside light by the
reflective electrode layer 331, but retlection of outside light
by the black matrix 379 can be reduced.

Note that details are omitted because the EL display
device 260 1s the same as the EL display device 260 1n FIG.
4 except for the shape of the insulating layer 353, the
reflective electrode layer 331, the light-transmitting conduc-
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tive layer 334, the light-emitting layer 333, and the semi-
transmissive conductive layer 332 1n the opening 420.

This embodiment can be implemented 1n approprate
combination with any of the structures described in the other
embodiments.

Embodiment 4

Embodiment 4 describes structure examples of a touch
sensor, a touch sensor module provided with a touch sensor,
a touch panel, a touch panel module, and the like of one
embodiment of the present mmvention. In the description
below, a capacitive touch sensor 1s used as a touch sensor. A
flexible touch panel 1s also included in one embodiment of
the present ivention.

Note that 1 this specification and the like, a device 1n
which a connector such as an FPC or a tape carrier package
(TCP) 1s attached to a substrate provided with a touch
sensor, and a device 1n which an integrated circuit (IC) 1s
directly mounted on a substrate by a chip on glass (COG)
method can be referred to as a touch sensor module. A device
having both a function as a touch sensor and a function of
displaying an image or the like can be referred to as a touch
panel (an input/output device). A device in which the con-
nector 1s attached to a touch panel and a device on which an
IC 1s mounted on a touch panel can be referred to as a touch
panel module or simply referred to as a touch panel.

A capacitive touch sensor which can be used for one
embodiment of the present invention includes a capacitor.
For example, the capacitor can have a stacked-layer struc-
ture of a first conductive layer, a second conductive layer,
and an 1nsulating layer between the first conductive layer
and the second conductive layer. The first conductive layer
and the second conductive layer each function as an elec-
trode of the capacitor. The mnsulating layer functions as a
dielectric.

A more specific structure example of one embodiment of
the present invention i1s described below with reference to
drawings.

Structure Example

FIG. 6A 1s a schematic perspective view of a touch panel
module 10 of one embodiment of the present invention. FIG.
6B 15 a developed schematic perspective view of the touch
panel 10. The touch panel module 10 includes a touch sensor
module 20 and a display panel 30 overlapping with each
other.

The touch sensor module 20 includes a second substrate
21, sensor elements 22 over the second substrate 21, and an
FPC 41. The touch sensor module 20 serves as a touch
sensor. The plurality of sensor elements 22 are provided 1n
a matrix on a first substrate 31 side of the second substrate
21. The second substrate 21 preferably includes circuits 23
and 24 electrically connected to the sensor elements 22. A
circuit having a function of selecting a plurality of sensor
clements 22 can be used for at least one of the circuits 23 and
24. A circuit having a function of outputting a signal from
the sensor element 22 can be used for at least one of the
circuits 23 and 24. The FPC 41 has a function of supplying
a signal from the outside to at least one of the circuits 23 and
24 and the sensor element 22. The FPC 41 also has a
function of outputting a signal from at least one of the
circuits 23 and 24 and the sensor element 22 to the outside.

The display panel 30 includes a display portion 32 over
the first substrate 31. The display portion 32 includes a
plurality of pixels 33 arranged 1n a matrix. The first substrate
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31 preferably includes a circuit 34 electrically connected to
the pixel 33 in the display portion 32. For example, the
circuit 34 functions as a gate driver circuit. An FPC 42 has
a Tunction of supplying a signal from the outside to at least
one of the display portion 32 and the circuit 34. The first
substrate 31 in FIG. 6 includes a terminal 43. An FPC can
be attached to the terminal 43, an IC functioning as a source
driver circuit can be directly mounted on the terminal 43 by
a COG method or a COF method, or an FPC, a TAB, a TCP,
or the like on which an IC 1s mounted can be attached to the
terminal 43, for example. Note that an object 1n which an IC
or a connector such as an FPC 1s mounted on the display
panel 30 can be referred to as a display panel module.

The touch panel module 10 of one embodiment of the
present invention can output positional information based on
the change 1n capacitance that occurs when the touch panel
module 10 1s touched and that 1s sensed by the plurality of
sensor elements 22. Image can be displayed on the display
portion 32.

Cross-Sectional Structure Example 1

FIG. 7A 1s a cross-sectional schematic view of a touch
panel module of one embodiment of the present invention.
In the touch panel 1illustrated in FIG. 7A, an active matrix
touch sensor and an active matrix display element are
provided between a pair of substrates, and thus, the touch
panel can have a small thickness. Note that 1n this specifi-
cation and the like, a touch sensor in which sensor elements
cach include an active element 1s referred to as an active
matrix touch sensor.

The touch panel module has a structure 1 which the
second substrate 21 and the first substrate 31 are bonded to
cach other with a bonding layer 720. The second substrate 21
includes a capacitor 770, a transistor 751, a transistor 752,
a contact portion 753, a color filter 774, a black matrix 775,
and the like. The first substrate 31 includes transistors 701,
702, and 703, a light-emitting element 704, a contact portion
705, and the like.

An 1nsulating layer 712, an insulating layer 713, an
insulating layer 714, an insulating layer 715, an insulating
layer 716, an insulating layer 717, an insulating layer 718,
a spacer 719, a conductive layer 725, and the like are
provided over the first substrate 31 with a bonding layer 711
provided therebetween.

The first substrate 31 may have flexibility. The second
substrate 21 may have tlexibility. Owing to the first substrate
31 and the second substrate 21 having flexibility, a touch
panel of one embodiment of the present invention shown in
FIGS. 7A and 7B can have flexibility.

The light-emitting element 704 1s provided over the
msulating layer 717. The light-emitting element 704
includes a first electrode 721, an EL layer 722, and a second
clectrode 723 (see FIG. 7B). An optical adjustment layer 724
1s provided between the first electrode 721 and the EL layer
722. The insulating layer 718 covers end portions of the first
clectrode 721 and the optical adjustment layer 724.

The first electrode 721 has a function as the reflection
clectrode layer 331 described in Embodiment 1. The second
clectrode 723 has a function as the semi-transmissive con-
ductive layer 332 described in Embodiment 1. The optical
adjustment layer 724 has a function as the light-transmitting
conductive layer 334 described in Embodiment 1.

Since a plurality of depressions are formed 1n the 1nsu-
lating layer 717, depressions retlecting the surface shape of
the insulating layer 717 1s formed 1n the first electrode 721.
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This can inhibit generation of interference iringes and
reflection of 1mages due to retlection of outside light 1n the
display portion 32.

FIG. 7A shows the pixel 33 including the transistor 701
for controlling current and the transistor 702 for controlling
switching. One of a source and a drain of the transistor 701
1s electrically connected to the first electrode 721 through
the conductive layer 725.

FIG. 7A shows the circuit 34 including the transistor 703
and the circuit 23 including the transistor 752.

In the example 1llustrated in FIG. 7A, the transistors 701
and 703 each have a structure in which a semiconductor
layer where a channel 1s formed 1s provided between two
gate electrodes. Such transistors can have a higher field-
ellect mobility and thus have higher on-state current than
other transistors. Consequently, a circuit capable of high-
speed operation can be obtamned. Furthermore, the area
occupied by a circuit portion can be reduced. The use of the
transistor having high on-state current can reduce signal
delay 1n wirings and can suppress display unevenness even
in a display panel or a touch panel in which the number of
wirings 1s increased because of increase 1n size or resolution.

Note that the transistor included in the circuit 34 and the
transistor included in the pixel 33 may have the same
structure. Transistors included 1n the circuit 34 may have the
same structure or different structures. Transistors included 1n
the pixel 33 may have the same structure or different
structures. Transistors provided on the second substrate 21
side (the transistor 751, the transistor 752, and the like) may
have the same structure or different structures.

The light-emitting element 704 has a top emission struc-
ture and thus emaits light on the second electrode 723 side.
The transistors 701 and 702, a capacitor, a wiring, and the
like overlap with the light-emitting region of the light-
emitting element 704, and an aperture ratio of the pixel 33
can be increased.

On the first substrate 31 side of the second substrate 21,
a bonding layer 761, insulating layers 762, 763, 764, and
765, a first conductive layer 771, a dielectric layer 772, a
second conductive layer 773, an insulating layer 766, a color
filter 774, a black matrix 775, a plurality of structures 777,
and the like are provided. In addition, an overcoat 767
covering the color filter 774 and the black matrix 775 may
be provided.

The black matrix 775 1s provided over the plurality of
structures 777; thus, projections retlecting the surface shape
of the structures 777 are formed in the black matrix 775.
This can reduce generation of interference Iringes and
reflection of 1images due to retlection of outside light in the
display portion 32.

The first conductive layer 771 1s electrically connected to
one of a source and a drain of the transistor 7351.

The second conductive layer 773 1s provided on the first
substrate 31 side of the second substrate 21 and is 1n contact
with the dielectric layer 772. Note that the second conduc-
tive layer 773 may have an opening.

By using a flexible material for the first substrate 31 and
the second substrate 21, a flexible touch panel can be
achieved.

A color filter method 1s employed 1n the touch panel of
one embodiment of the present invention. In the color filter
method, three pixels of red (R), green (G), and blue (B)
express one color, for example. In addition, a pixel of white
(W) or yellow (Y) may be used.

Owing to the combination of the color filter 774 and a
microcavity structure using the optical adjustment layer 724,
light with high color purity can be extracted from the touch
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panel of one embodiment of the present invention. The
thickness of the optical adjustment layer 724 may be varied
depending on the color of the pixel. Some pixels do not
necessarily have the optical adjustment layer 724.

An EL layer that emits white light 1s preferably used as the
EL layer 722 of the light- emlttmg clement 704. By using the
light-emitting element 704, 1t 1s not necessary (o form the EL
layers 722 expressing diflerent colors in pixels. Therefore,
the cost can be reduced, and the high resolution 1s achieved
casily. Furthermore, by varying the thickness of the optical
adjustment layer 724 in pixels, light with a wavelength
suitable for each pixel can be extracted, which increases
color purity. Note that the EL layers 722 expressing difierent
colors may be formed i pixels, in which case the optical
adjustment layer 724 are not necessarily used.

An opening 1s provided in the insulating layers and the
like 1 a region overlapping with the contact portion 705
provided over the first substrate 31, and the contact portion
705 and the FPC 41 are electrically connected to each other
with a connection layer 760 provided 1n the opening. Fur-
thermore, an opemng 1s provided in the mnsulating layers and
the like 1n a region overlapping with the second substrate 21,
and the contact portion 7353 and the FPC 42 are electrically
connected to each other through a connection layer 710
provided 1n the opening.

In the structure 1llustrated 1n FIG. 7A, the contact portion
705 has a conductive layer formed by processing a conduc-
tive film for the source electrode and the drain electrode of
the transistor. Furthermore, the contact portion 753 has a
stacked-layer structure of a conductive layer formed by
processing a conductive film for the gate electrode of the
transistor, a conductive layer formed by processing a con-
ductive film for the source electrode and the drain electrode
of the transistor, and a conductive layer formed by process-
ing a conductive film for the second conductive layer 773.
The contact portion preferably has a stacked-layer structure
of a plurality of conductive layers as described above
because electric resistance can be reduced and mechanical
strength can be increased.

As the connection layer 710 and the connection layer 760,
any ol various anisotropic conductive films (ACF), aniso-
tropic conductive pastes (ACP), or the like can be used.

A material 1n which impurities such as water or hydrogen
do not easily difluse 1s preferably used for the insulating
layer 712 and the insulating layer 762. That is, the imnsulating
layer 712 and the isulating layer 762 can each function as
a barrier film. Such a structure can eflectively suppress
diffusion of the impurities to the light-emitting element 704
and the transistors even in the case of using a material
permeable to moisture for the first substrate 31 and the
second substrate 21, and a highly reliable touch panel can be
achieved.

Note that the insulating layer 712 and/or the insulating
layer 713 may have a plurality of depressions as the insu-
lating layer 717. This leads to the increase 1n surface area of
the 1nsulating layers and in space for a transistor, a contact
portion, and the like. As a result, the touch panel 10 can be
reduced 1n size and miniaturized because the plurality of
pixels 33 can be disposed more densely.

The msulating layer 765 and/or the dielectric layer 772
may have a plurality of depressions as the msulating layer
717. This leads to the increase 1n surface area of the first
conductive layer 771 and the second conductive layer 773
and 1n capacitance of the capacitor 770. As a result, the touch
panel 10 can be resistant to noise and stable in operation.

The same method as that used for the msulating layer 717
may be used for forming a plurality of depressions of the
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insulating layer 712 and/or the imnsulating layer 713. The
same method as that used for the insulating layer 717 may
be used for forming a plurality of depressions of the 1nsu-
lating layer 765 and/or the msulating layer 772. Note that the
method of limning the insulating layer 353 described in
Embodiment 2 can be referred to for a method of forming a
plurality of depressions 1n the insulating layer 717,

| Components |

The above components are described below.

The transistor includes a conductive layer functioning as
the gate electrode, the semiconductor layer, a conductive
layer functioning as the source electrode, a conductive layer
functioning as the drain electrode, and an msulating layer
functioning as a gate mnsulating layer. FIG. 7A shows the
case where a bottom-gate transistor 1s used.

Note that there 1s no particular limitation on the structure
of the transistor included in the touch panel of one embodi-
ment of the present invention. For example, a forward
staggered transistor or an mverted staggered transistor may
be used. A top-gate transistor or a bottom-gate transistor may
be used. A semiconductor material used for the transistor 1s
not particularly limited, and for example, an oxide semicon-
ductor, silicon, or germanium can be used.

There 1s no particular limitation on the crystallinity of a
semiconductor material used for the transistor, and an amor-
phous semiconductor or a semiconductor having crystallin-
ity (a microcrystalline semiconductor, a polycrystalline
semiconductor, a single-crystal semiconductor, or a semi-
conductor partly including crystal regions) may be used. It
1s preferable that a semiconductor having crystallinity be
used, 1n which case deterioration of the transistor charac-
teristics can be suppressed.

As a semiconductor material for the semiconductor layer
of the transistor, an element of Group 4, a compound
semiconductor, or an oxide semiconductor can be used, for
example. Typically, a semiconductor containing silicon, a
semiconductor contaiming gallium arsenide, an oxide semi-
conductor contaiming indium, or the like can be used.

An oxide semiconductor 1s preferably used as a semicon-
ductor 1n which a channel of a transistor 1s formed. In
particular, an oxide semiconductor having a wider band gap
than silicon 1s preferably used. A semiconductor material
having a wider band gap and a lower carrier density than
silicon 1s preferably used because ofl-state leakage current
ol the transistor can be reduced.

The oxide semiconductor preferably contains at least
indium (In) or zinc (Zn). The semiconductor layer more
preferably contains an In-M-Zn-based oxide (M 1s a metal
such as Al, T1, Ga, Ge, Y, Zr, Sn, La, Ce, or Hi).

As the semiconductor layer, 1t 1s particularly preferable to
use an oxide semiconductor layer including a plurality of
crystal parts whose c-axes are aligned perpendicular to a
surface on which the semiconductor layer 1s formed or the
top surface of the semiconductor layer and in which the
adjacent crystal parts have no grain boundary.

Because such an oxide semiconductor contains no grain
boundary, generation of a crack caused by stress when a
display panel 1s bent 1s prevented. Therefore, such an oxide
semiconductor can be preferably used for a flexible touch
panel which 1s used 1n a bent state, or the like.

Moreover, the use of such an oxide semiconductor for the
semiconductor layer makes 1t possible to provide a highly
reliable transistor 1n which a change in the electrical char-
acteristics 1s suppressed.

Charge accumulated in a capacitor through a transistor
can be held for a long time because of the low ofi-state
current of the transistor. When such a transistor 1s used for
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a pixel, operation of a driver circuit can be stopped while a
gray scale of an image displayed in each display region 1s
maintained. As a result, a display device with an extremely
low power consumption can be obtained.

Alternatively, silicon 1s preferably used as a semiconduc-
tor 1n which a channel of a transistor 1s formed. Although
amorphous silicon may be used as silicon, silicon having
crystallimity 1s particularly preferable. For example, micro-
crystalline silicon, polycrystalline silicon, single crystal sili-
con, or the like 1s preferably used. In particular, polycrys-
talline silicon can be formed at a lower temperature than
single crystal silicon and has higher field effect mobility and
higher reliability than amorphous silicon. When such a
polycrystalline semiconductor 1s used for a pixel, the aper-
ture ratio of the pixel can be improved. Even in the case
where pixels are provided at extremely high resolution, a
gate driver circuit and a source driver circuit can be formed
over a substrate over which the pixels are formed, and the
number of components of an electronic device can be
reduced.

As conductive layers such as a gate, a source, and a drain
of the transistor and a wiring and an electrode in the touch
panel, a single-layer structure or a stacked-layer structure
using any of metals such as aluminum, titanium, chromium,
nickel, copper, yttrium, zirconitum, molybdenum, silver,
tantalum, and tungsten, or an alloy containing any of these
metals as 1ts main component can be used. For example, a
single-layer structure of an aluminum {film contaiming sili-
con, a two-layer structure in which an aluminum film 1s
stacked over a titanium film, a two-layer structure 1n which
an aluminum film 1s stacked over a tungsten film, a two-
layer structure in which a copper film 1s stacked over a
copper-magnesium-aluminum alloy film, a two-layer struc-
ture 1n which a copper film 1s stacked over a titanium film,
a two-layer structure 1n which a copper {film 1s stacked over
a tungsten film, a three-layer structure 1in which a titanium
film or a titanium nitride film, an aluminum film or a copper
film, and a titanium film or a titanium nitride film are stacked
in this order, a three-layer structure in which a molybdenum
film or a molybdenum nitride film, an aluminum film or a
copper film, and a molybdenum film or a molybdenum
nitride film are stacked in this order, and the like can be
given. Note that a transparent conductive material contain-
ing indium oxide, tin oxide, or zinc oxide may be used.
Copper containing manganese 1s preferably used because
controllability of a shape by etching 1s increased.

As a light-transmitting conductive material, a conductive
oxide such as indium oxide, indium tin oxide, indium zinc
oxide, zinc oxide, or zinc oxide to which gallium 1s added,
or graphene can be used. Alternatively, a metal material such
as gold, silver, platinum, magnesium, nickel, tungsten, chro-
mium, molybdenum, 1ron, cobalt, copper, palladium, or
titanium, or an alloy material containing any of these metal
materials can be used. Alternatively, a nitride of the metal
matenal (e.g., titanium nitride) or the like may be used. In
the case of using the metal material or the alloy material (or
the mitride thereot), the thickness 1s set small enough to be
able to transmit light. Alternatively, a stack of any of the
above materials can be used as the conductive layer. For
example, a stack of indium tin oxide and an alloy of silver
and magnesium 1s preferably used because the conductivity
can be increased.

Examples of an insulating material that can be used for the
insulating layers, the dielectric layer 772, the overcoat 767,
the spacer 719, and the like include a resin such as acrylic
Or epoxy resin, a resin having a siloxane bond, and an
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inorganic 1sulating material such as silicon oxide, silicon
oxynitride, silicon nitride oxide, silicon mitride, or aluminum
oxide.

As described above, the light-emitting element 1s prefer-
ably provided between a pair of insulating films with low
water permeability. Thus, impurities such as water can be
prevented from entering the light-emitting element, leading
to prevention of a decrease in the reliability of the light-
emitting device.

As an isulating film with low water permeability, a film
contaiming nitrogen and silicon (e.g., a silicon nitride film or
a silicon nitride oxide film), a film containing nitrogen and
aluminum (e.g., an aluminum nitride film), or the like can be
used. Alternatively, a silicon oxide film, a silicon oxynitride
film, an aluminum oxide film, or the like can be used.

For example, the water vapor transmittance of the 1nsu-
lating film with low water permeability 1s lower than or
equal to 1x107> [g/(m*-day)], preferably lower than or equal
to 1x107° [g/(m™>-day)], further preferably lower than or
equal to 1x1077 [g/(m*-day)], still further preferably lower
than or equal to 1x107° [g/(m>-day)].

For the bonding layers, a curable resin such as a heat
curable resin, a photocurable resin, or a two-component type
curable resin can be used. For example, a resin such as an
acrylic resin, a urcthane resin, an epoxy resin, or a resin
having a siloxane bond can be used.

The EL layer 722 includes at least a light-emitting layer.
In addition to the light-emitting layer, the EL layer 722 may
turther include one or more layers containing any of a
substance with a high hole-injection property, a substance
with a high hole-transport property, a hole-blocking mate-
rial, a substance with a high electron-transport property, a
substance with a high electron-injection property, a sub-
stance with a bipolar property (a substance with a high
clectron- and hole-transport property), and the like.

For the EL layer 722, either a low molecular compound or
a high molecular compound can be used, and an 1norganic
compound may be used. Each of the layers included 1n the
EL layer 722 can be formed by any of the following
methods: an evaporation method (including a vacuum
evaporation method), a transfer method, a printing method,
an 1nkjet method, a coating method, and the like.

As examples of a material that can be used for the black
matrix 775, carbon black, a metal oxide, and a composite
oxide containing a solid solution of a plurality of metal
oxides can be given.

As examples of a material that can be used for the color
filter 774, a metal material, a resin material, and a resin
material containing a pigment or dye can be given.

The structures 777 are preiferably formed using a photo-
sensitive resin material, such as photopolymer, photosensi-
tive acrvlic, and photosensitive polyimide, or an 1norganic
insulating material, such as a silicon oxide film.

Manufacturing Method Example

Here, a method for manufacturing a flexible touch panel
1s described.

For convenience, a structure including a pixel and a
circuit, a structure including an optical member such as a
color filter, or a structure including a touch sensor 1s referred
to as an element layer. An element layer includes a display
clement, for example, and may include a wiring electrically
connected to the display element or an element such as a
transistor used 1n a pixel or a circuit in addition to the display
clement.
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Here, a support body (e.g., the first substrate 21 or the
second substrate 31) with an insulating surface where an
clement layer 1s formed 1s referred to as a base material.

As a method for forming an element layer over a flexible
base material provided with an insulating surface, there 1s a
method 1n which an element layer 1s formed directly over a
base material. Another method 1s that an element layer 1s
formed over a supporting base material that 1s different from
the base material and has stiflness, and then, the element
layer 1s separated from the supporting base material and
transierred to the base material.

In the case where a material of the base material can
withstand heating temperature in a process for forming the
clement layer, it 1s preferable that the element layer be
formed directly over the base material, in which case a
manufacturing process can be simplified. At this time, the
clement layer 1s preferably formed 1n a state where the base
material 1s fixed to the supporting base material, in which
case transfer thereof 1n an apparatus and between appara-
tuses can be easy.

In the case of employing the method 1n which the element
layer 1s formed over the supporting base material and then
transierred to the base matenial, first, a separation layer and
an 1nsulating layer are stacked over the supporting base
material, and then the element layer 1s formed over the
insulating layer. Next, the element layer i1s separated from
the supporting base material and then transferred to the base
material. At this time, a material 1s selected that would
causes separation at an interface between the supporting
base material and the separation layer, at an interface
between the separation layer and the insulating layer, or in
the separation layer.

For example, 1t 1s preferable that a stacked layer of a layer
including a high-melting-point metal material, such as tung-
sten, and a layer including an oxide of the metal material be
used as the separation layer, and a stacked layer of a plurality
of layers, such as a silicon nitride layer and a silicon
oxynitride layer be used over the separation layer. The use
of the high-melting-point metal maternial 1s preferable
because the degree of freedom of the process for forming the
clement layer can be increased.

The separation may be performed by application of
mechanical power, by etching of the separation layer, by
dripping of a liguid into part of the separation interface to
penetrate the entire separation interface, or the like. Alter-
natively, separation may be performed by heating the sepa-
ration interface by utilizing a diflerence in thermal expan-
sion coellicient.

The separation layer 1s not necessarily provided in the
case where separation can occur at an interface between the
supporting base material and the msulating layer. For
example, with the use of glass as the supporting base
material and an organic resin such as polyimide as the
insulating layer, a separation trigger may be made by locally
heating part of the organic resin by laser light or the like, and
separation may be performed at an interface between the
glass and the insulating layer. Alternatively, a metal layer
may be provided between the supporting base material and
the msulating layer formed of an organic resin, and separa-
tion may be performed at the interface between the metal
layer and the insulating layer by heating the metal layer by
feeding a current to the metal layer. In that case, the
insulating layer formed of an organic resin can be used as a
base material.

Examples of such a base material having flexibility
include polyester resins such as polyethylene terephthalate
(PET) and polyethylene naphthalate (PEN), a polyacryloni-
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trile resin, a polyimide resin, a polymethyl methacrylate
resin, a polycarbonate (PC) resin, a polyethersulione (PES)
resin, a polyamide resin, a cycloolefin resin, a polystyrene
resin, a polyamide imide resin, and a polyvinyl chloride
resin. In particular, 1t 1s preferable to use a material with a
low thermal expansion coethlicient, and for example, a poly-
amide 1mide resin, a polyimide resin, PET, or the like with
a thermal expansion coeflicient lower than or equal to
30x107°/K can be suitably used. A substrate in which a
fibrous body 1s impregnated with a resin (also referred to as
prepreg) or a substrate whose thermal expansion coellicient
1s reduced by mixing an mnorganic filler with an organic resin
can also be used.

In the case where a fibrous body i1s included in the above
material, a high-strength fiber of an organic compound or an
inorganic compound 1s used as the fibrous body. The high-
strength fiber 1s specifically a fiber with a high tensile elastic
modulus or a fiber with a high Young’s modulus. Typical
examples thereof include a polyvinyl alcohol based fiber, a
polyester based fiber, a polyamide based fiber, a polyethyl-
ene based fiber, an aramid based fiber, a polyparaphenylene
benzobisoxazole fiber, a glass fiber, and a carbon fiber. As
the glass fiber, glass fiber using E glass, S glass, D glass, )
glass, or the like can be used. These fibers may be used 1n
a state of a woven fabric or a nonwoven fabric, and a
structure body in which this fibrous body 1s impregnated
with a resin and the resin 1s cured may be used as the flexible
substrate. The structure body including the fibrous body and
the resin 1s preferably used as the flexible substrate, in which
case the reliability against bending or breaking due to local
pressure can be increased:

Alternatively, glass, metal, or the like that 1s thin enough
to have flexibility can be used as the base material. Alter-
natively, a composite material where glass and a resin
material are attached to each other may be used.

In the structure of FIG. 7A, for example, a first separation
layer and the insulating layer 762 are formed 1n this order
over a first supporting base material, and then other com-
ponents are formed thereover. Separately, a second separa-
tion layer and the insulating layer 712 are formed in this
order over a second supporting base material, and then upper
components are formed. Next, the {first supporting base
material and the second supporting base material are bonded
to each other using the bonding layer 720. After that,
separation at an interface between the second separation
layer and the isulating layer 712 1s conducted so that the
second supporting base material and the second separation
layer are removed, and then the second substrate 31 1is
bonded to the msulating layer 712 using the bonding layer
711. Further, separation at an iterface between the first
separation layer and the insulating layer 762 1s conducted so
that the first supporting base material and the first separation
layer are removed, and then the first substrate 21 1s bonded
to the imsulating layer 762 using the adhesive layer 761.
Note that either side may be subjected to separation and
attachment first.

The above 1s the description of a manufacturing method
of a tlexible touch panel.

Cross-Sectional Structure Example 2

FIG. 8 1s a cross-sectional structure example whose
structure 1s partly diferent from that of FIGS. 7A and 7B.
The structure 1n FI1G. 8 1s mainly different from that of FIGS.
7A and 7B 1n a structure of the first conductive layer 771.

FIG. 8 shows an example where a first conductive layer
771a including a semiconductor layer formed by processing
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the same film as that for the semiconductor layers of the
transistor 751 and the transistor 752 1s used instead of the

first conductive layer 771 of FIG. 7A. The first conductive

layer 771a 1s 1n contact with the insulating layer 765.

Here, the first conductive layer 771a preferably includes
an oxide semiconductor. An oxide semiconductor 1s a semi-
conductor material whose resistivity can be controlled by
oxygen vacancies 1n the film of the semiconductor material
and/or the concentration of impurities such as hydrogen or
water 1n the film of the semiconductor material. Therefore,
even when the semiconductor layer used for the first con-
ductive layer 771a and the semiconductor layers used for the
transistors are formed by processing the same semiconduc-
tor film, resistivity of these semiconductor layers can be
controlled by increasing or decreasing oxygen vacancies
and/or the concentration of impurities.

Specifically, plasma treatment 1s performed on an oxide
semiconductor layer included in the first conductive layer
771a serving as an electrode of the capacitor 770 so that
oxygen vacancies 1n the oxide semiconductor layer and/or
impurities such as hydrogen and water in the oxide semi-
conductor layer 1s increased. Accordingly, the first conduc-
tive layer 771a includes an oxide semiconductor layer which
can have a high carrier density and a low resistance. Alter-
natively, an insulating film (insulating layer 765) containing
hydrogen 1s formed 1n contact with the oxide semiconductor
layer to diffuse hydrogen from the insulating film containing
hydrogen to the oxide semiconductor layer, so that the oxide
semiconductor layer can have a high carrier density and a
low resistance. Such an oxide semiconductor layer can be
used for the first conductive layer 771a.

The msulating layer 764 1s provided over the transistor
751 and the transistor 752 to prevent the oxide semiconduc-
tor layers thereof from being subjected to the plasma treat-
ment. By provision of the msulating layer 764, the structure
where the oxide semiconductor layers are not 1n contact with
the 1nsulating layer 765 contaiming hydrogen can be
obtained. With the use of an insulating film capable of
releasing oxygen as the insulating layer 764, oxygen can be
supplied to the oxide semiconductor layers of the transistors.
The oxide semiconductor layer to which oxygen 1s supplied
becomes an oxide semiconductor layer in which oxygen
vacancies 1n the film or at the interface are reduced and has
a high resistance. Note that as the msulating film capable of
releasing oxygen, a silicon oxide film, a silicon oxynitride
film, and the like can be used, for example.

As the plasma treatment to be performed on the oxide
semiconductor layer, plasma treatment using a gas contain-
ing one of a rare gas (He, Ne, Ar, Kr, or Xe), phosphorus,
boron, hydrogen, and nitrogen 1s typical. Specifically,
plasma treatment 1n an Ar atmosphere, plasma treatment in
a mixed gas atmosphere of Ar and hydrogen, plasma treat-
ment 1n an ammonia atmosphere, plasma treatment i1n a
mixed gas atmosphere of Ar and ammonia, plasma treatment
in a mitrogen atmosphere, or the like can be employed.

By the plasma treatment, an oxygen vacancy 1s formed 1n
a lattice from which oxygen 1s released (or 1n a portion from
which oxygen 1s released) 1n the oxide semiconductor layer.
The oxygen vacancy might cause carrier generation. Further,
when hydrogen 1s supplied from an nsulating {ilm that 1s in
the vicimity of the oxide semiconductor layer, specifically,
that 1s 1n contact with the lower surface or the upper surface
of the oxide semiconductor layer, and hydrogen enters the
oxygen vacancy, an electron serving as a carrier might be
generated. Therefore, the oxide semiconductor layer used
for the first conductive layer 771a where oxygen vacancies
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are 1increased by the plasma treatment has a higher carrier
density than the oxide semiconductor layers of the transis-
tors.

The oxide semiconductor layers of the transistors in
which oxygen vacancies are reduced and the hydrogen
concentration 1s reduced can be referred to as a highly
purified intrinsic or substantially highly purified intrinsic
oxide semiconductor layer. The term “substantially intrin-
s1¢” refers to the state where an oxide semiconductor has a
carrier density lower than 1x10""/cm’, preferably lower than
1x10">/cm”, or further preferably lower than 1x10"*/cm”.
Furthermore, the state 1n which the impurity concentration 1s
low and the density of defect states 1s low (the amount of
oxygen vacancies 1s small) 1s referred to as “highly purified
intrinsic” or “substantially highly purified intrinsic”. A
highly purified intrinsic or substantially highly purified
intrinsic oxide semiconductor has few carrier generation
sources, and thus has a low carrier density 1n some cases.
Thus, a transistor including the oxide semiconductor film 1n
which a channel region 1s formed 1s likely to have positive
threshold voltage (normally-off characteristics). The highly
purified intrinsic or substantially highly purified intrinsic
oxide semiconductor layer has a low density of defect states
and accordingly can have a low density of trap states.

Furthermore, the highly purnified intrinsic or substantially
highly purified intrinsic oxide semiconductor layer has an
extremely low ofl-state current; even when an element has
a channel width W of 1x10° um and a channel length L of
10 um, the ofi-state current can be less than or equal to the
measurement limit of a semiconductor parameter analyzer,
i.e., less than or equal to 110" A, at a voltage (drain
voltage) between a source electrode and a drain electrode in
the range from 1 V to 10 V. Thus, the transistors 751, 752,
and the like each of whose channel region 1s formed 1n the
oxide semiconductor layer has a small change 1n electrical
characteristics and 1s highly reliable. Note that a similar
oxide semiconductor layer 1s preferably used for the tran-
sistors 701, 702, 703, and the like that are provided on the
second substrate 31 side.

In FIG. 8, a region of the insulating layer 764 overlapping
with the first conductive layer 771a serving as the electrode
of the capacitor 770 1s selectively removed. The insulating
layer 765 may be formed 1n contact with the first conductive
layer 771a and then be removed from the upper surface of
the first conductive layer 771a. For example, an insulating
film containing hydrogen, that 1s, an msulating film capable
of releasing hydrogen, typically, a silicon nitride film, 1s
used as the msulating layer 7635, whereby hydrogen can be
supplied to the first conductive layer 771a. The insulating
film capable of releasing hydrogen preferably has a hydro-
gen concentration of 1x10°% atoms/cm” or higher. When
such an insulating film 1s formed in contact with the first
conductive layer 771a, it 1s possible to make the first
conductive layer 771a effectively contain hydrogen. In this
manner, i combination with the above-described plasma
treatment, the structure of the msulating film 1n contact with
the oxide semiconductor layer 1s changed, whereby the
resistance of the oxide semiconductor layer can be appro-
priately adjusted. Note that a layer including an oxide
semiconductor whose resistance 1s suthciently reduced can
be referred to as an oxide conductor layer.

Hydrogen contained in the first conductive layer 771a
reacts with oxygen bonded to a metal atom to be water, and
also causes oxygen vacancy 1n a lattice from which oxygen
1s released (or a portion from which oxygen 1s released). Due
to entry of hydrogen into the oxygen vacancy, an electron
serving as a carrier 1s generated in some cases. Further, 1n
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some cases, bonding of part of hydrogen to oxygen bonded
to a metal element causes generation of an electron serving
as a carrier. Therefore, the oxide semiconductor included in
the first conductive layer 771a containing hydrogen has a
higher carrier density than the oxide semiconductor used for
the transistors.

Hydrogen 1n the oxide semiconductor layer of the tran-
sistor 1n which a channel region 1s formed 1s preferably
reduced as much as possible. Specifically, in the oxide
semiconductor layer, the concentration of hydrogen which 1s
measured by secondary 1on mass spectrometry (SIMS) 1s set
to lower than or equal to 2x10°° atoms/cm’, preferably
lower than or equal to 5x10"” atoms/cm’, more preferably
lower than or equal to 1x10*” atoms/cm?, lower than 5x10'®
atoms/cm’, preferably lower than or equal to 1x10"® atoms/
cm’, more preferably lower than or equal to 5x10"7 atoms/
cm®, still more preferably lower than or equal to 1x10"°
atoms/cm’.

The oxide semiconductor included 1n the first conductive
layer 771a serving as the electrode of the capacitor 770 has
higher hydrogen concentration and/or more oxygen vacan-
cies than the oxide semiconductor used for the transistors,
and the resistance thereotf 1s reduced.

The oxide semiconductor layer used for the first conduc-
tive layer 771a and the transistors 1s typically formed using
a metal oxide such as an In—Ga oxide, an In—7n oxide, or
an In-M-7Zn oxide (M 1s Mg, Al, T1, Ga, Y, Zr, La, Ce, Nd.,
or Hi). Note that the oxide semiconductor layer used for the
first conductive layer 771a and the transistors has a light-
transmitting property.

Note that in the case where the oxide semiconductor layer
used for the first conductive layer 771a and the transistors 1s
an In-M-7Zn oxide, when the summation of In and M 1s
assumed to be 100 atomic %, the proportions of In and M are
preferably set to be greater than or equal to 25 atomic % and
less than 75 atomic %, respectively, or greater than or equal
to 34 atomic % and less than 66 atomic %, respectively.

An energy gap of the oxide semiconductor layer used for
the first conductive layer 771a and the transistors 1s prefer-
ably 2 eV or more, 2.5 eV or more, or 3 eV or more.

The thickness of the oxide semiconductor layer used for
the first conductive layer 771a and the transistors can be
greater than or equal to 3 nm and less than or equal to 200
nm, greater than or equal to 3 nm and less than or equal to
100 nm, or greater than or equal to 3 nm and less than or
equal to 60 nm.

Further, in the case where the oxide semiconductor layer
used for the first conductive layer 771a and the transistors 1s
an In-M-7Zn oxide, the atomic ratio of metal elements of a
sputtering target used for forming the In-M-Zn oxide prei-
erably satisfies In=M and Zn=M As the atomic ratio of metal
clements of such a sputtering target, In:M:Zn=1:1:1,
InnMZn=1:1:1.2, In:M:Zn=2:1:1.5, In:M:7Zn=2:1:2.3, In:M:
/n=2:1:3, In:-MZn=3:1:2, or the like 1s preferable. Note that
the proportion of each metal element 1n the atomic ratio of
the formed oxide semiconductor layer used for the first
conductive layer 771a and the transistors varies within a
range of x40% of that of the corresponding metal in the
above atomic ratio of the sputtering target as an error.

When hydrogen 1s added to an oxide semiconductor in
which an oxygen vacancy 1s generated, hydrogen enters an
oxygen vacant site and forms a donor level 1n the vicimity of
the conduction band. As a result, the conductivity of the
oxide semiconductor 1s increased, so that the oxide semi-
conductor becomes a conductor. An oxide semiconductor
having become a conductor can be referred to as an oxide
conductor. Oxide semiconductors generally have a visible
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light transmitting property because of their large energy gap.
An oxide conductor 1s an oxide semiconductor having a

donor level 1n the vicinity of the conduction band. Therefore,
the intluence of absorption due to the donor level 1s small,
and an oxide conductor has a visible light transmitting
property comparable to that of an oxide semiconductor. In
other words, the oxide conductor 1s a degenerate semicon-
ductor and it 1s suggested that the conduction band edge
agrees with or substantially agrees with the Fermi level.
Therefore, the oxide conductor film can be used as the
clectrode of the capacitor, for example.

In the structure shown in FIG. 8, the first conductive layer
771a can be formed at the time of forming the transistors;
thus, the manufacturing process can be simplified. In addi-
tion, the manufacturing cost can be reduced because a
photomask 1s not necessary for forming the first conductive
layer 771a 1n FIG. 8.

A touch panel shown i FIG. 8 includes the second
conductive layer 773 having an opening 778. In FIG. 8, the
second conductive layer 773 overlaps with the black matrix
775, and the opening 778 of the second conductive layer 773
overlaps with the color filter 774.

The emission region of the light-emitting element 704 1s
overlapped with the color filter 774, and light extracted from
the light-emitting element 704 1s emitted to the second
substrate 21 side through the color filter 774. Light can be
emitted without passing through the second conductive layer
773 1n the case where the second conductive layer 773 has
the opening 778 overlapping with the color filter 774, which
leads to inhibition of reduction 1n luminance of light emitted
from the second substrate 21 side.

Cross-Sectional Structure Example 3

FIG. 9 1s a cross-sectional structure example which 1s

partly different from those 1n FIGS. 7A and 7B and FIG. 8.
The main difference between FIG. 9 and FIGS. 7A and 7B
1s that FIG. 9 includes a third conductive layer 776.

The touch panel 1n FIG. 9, which 1s one embodiment of
the present ivention, includes two conductive layers for
forming a capacitor and the third conductive layer 776. The
third conductive layer 776 serves as a wiring for electrical
connection to the first conductive layer 771 or the second
conductive layer 773 of the capacitor or another circuit. For
example, the third conductive layer 776 serves as a wiring
for electrically connecting the transistor 751 to a transistor
included 1n the circuit 23 or 24.

It 1s preferable that the third conductive layer 776 be
closer to the display element side than the black matrix 773
and that they partly overlap with each other. The third
conductive layer 776 1s hidden by the black matrix when
seen from the detection surface side (i.e., the display sur-
tace) of the touch panel. This structure prevents the third
conductive layer 776 from being in the viewer’s sight. A
touch panel with high visibility can be provided.

A material containing a metal and an alloy 1s preferably
used for the third conductive layer 776. A material contain-
ing a metal and an alloy has relatively high conductivity.
Thus, the use of the matenial for a wiring or an electrode
inhibits signal delay and leads to the increase 1n sensitivity
ol the touch sensor. Most of the materials have visible light
blocking properties, and the third conductive layer 776 1s
provided in a position overlapping with the black matrix
775. Thus, the third conductive layer 776 does not block
light emitted from the light-emitting element 704 to the
color filter 774, leading to the increase in aperture ratio of
the pixel. Note that 1t 1s not necessary to use the light
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blocking matenal for the third conductive layer 776, and a
material transmitting visible light partly, such as a conduc-
tive oxide and a conductive organic compound, may be used.

Cross-Sectional Structure Example 4

FIG. 10 shows a cross-sectional structure example which
1s partly different {from the structures shown i FIGS. 7A and
7B, FIG. 8, and FIG. 9. The structure shown in FIG. 10
differs from the structure shown 1n FIGS. 7A and 7B mainly
in that a transistor on the second substrate 21 side 1s not
provided. That 1s, the cross-sectional structure shown in
FIG. 10 can be used for a passive matrix touch panel.

At this time, the first conductive layer 771 can have a
belt-like shape extending 1n one direction. Furthermore, the
second conductive layer 773 can have a belt-like shape
extending 1n a direction crossing the first conductive layer
771. A plurality of first conductive layers 771 and a plurality
of second conductive layers 773 with such a structure are
arranged, so that a passive matrix touch panel can be
obtained.

In FIG. 10, a contact portion 781 for contact between the
first conductive layer 771 and a wiring 779 and a contact
portion 782 for contact between the second conductive layer
773 and a wiring 779 are shown. The first conductive layer
771 and the wiring 779 are electrically connected to each
other through an opening provided in the insulating layer
764. The second conductive layer 773 and the wiring 779 are
clectrically connected to each other through an opening
provided in the mnsulating layer 764 and the msulating layer
772.

The above 1s the description of the cross-sectional struc-
ture example.

This embodiment can increase irregularity of the surface
shape of the reflective electrode of the light-emitting ele-
ment, and it 1s possible to 1nhibit interference fringes and
reflection of images due to outside light reflected by a screen
of the EL display device. The projections on the surface of
the black matrix can also inhibit interference fringes and
reflection of 1mages due to outside light.

Though this embodiment shows the structure including
two substrates, 1.e., the first substrate supporting the touch
sensor and the second substrate supporting the display
clement, the structure 1s not limited thereto. For example, a
structure with three substrates where a display element 1s
sandwiched between two substrates and the first substrate
supporting a touch sensor 1s bonded thereto can be
employed. Alternatively, a structure with four substrates
where a display element sandwiched with two substrates and
a touch sensor sandwiched between two substrates are
bonded to each other can be employed.

Note that the structure described in this embodiment 1n
which the sensor element 22 1s provided on the first substrate
31 side of the second substrate 21 1s a non-limiting example.
The sensor element 22 may be provided on the side in which
the touch panel’s display 1s viewed of the second substrate
21 (1.e., the side opposite to the first substrate 31). Alterna-
tively, the first substrate 31 may include the sensor element
22.

Note that a low resistance material 1s preferably used for
a conductive film 1.e., a wiring or an ¢lectrode, included 1n
the touch sensor, such as the first conductive layer 771 and
the second conductive layer 773. For example, I'TO, 1IZ0
(registered trademark), silver, copper, aluminum, a carbon
nanotube, and graphene may be used. Alternatively, a metal
nanowire 1ncluding a number of conductors with an
extremely small width (for example, a diameter of several
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nanometers) may be used. Examples of such a metal
nanowire include an Ag nanowire, a Cu nanowire, and an Al
nanowire. In the case of using an Ag nanowire, light
transmittance of 89% or more and a sheet resistance of 40
ohm/square or more and 100 ohm/square or less can be
achieved. Such a metal nanowire provides high light trans-
mittance, and the metal nanowire, a carbon nanotube, and
graphene may be used for an electrode of the display
clement, such as a pixel electrode or a common electrode.

Embodiment 4 can be implemented in appropriate com-
bination with any of the structures described in the other
embodiments.

Embodiment 5

In this embodiment, a structure example of a touch sensor
of one embodiment of the present mvention and a driving
method thereof 1s described with reference to drawings.

Structure Example

FIG. 11A 1s a block diagram 1llustrating a structure of a
touch panel (also referred to as an mput/output device) of
one embodiment of the present invention. FIG. 11B 1s a
circuit diagram 1llustrating a structure of a converter CONY.

FIG. 11C 1s a circuit diagram illustrating a structure of the
sensor element 22. FIG. 11D1 and FIG. 11D2 are timing
charts 1llustrating a driving method of the sensor element 22.

The touch sensor 1llustrated 1n this embodiment includes
a plurality of sensor elements 22 arranged 1n a matrix, scan
lines G1 electrically connected to the plurality of sensor
clements 22 arranged in a row direction, signal lines DL
clectrically connected to the plurality of sensor elements 22
arranged 1n a column direction, and the substrate 21 with
flexibility where the sensor elements 22, scan lines G1, and
the signal lines DL are provided (see FIG. 11A).

For example, the plurality of sensor elements 22 can be
arranged 1n a matrix of n rows and 1n columns (n and in are
cach a natural number larger than or equal to 1).

Note that the sensor element 22 includes a capacitor C for
sensing. The capacitor C corresponds to the capacitor 770 1n
Embodiment 4. For example, a first electrode and a second
clectrode of the capacitor C correspond to the first conduc-
tive layer 771 and the second conductive layer 773 in
Embodiment 4, respectively.

The second electrode of the capacitor C 1s electrically
connected to a wiring CS. Accordingly, a potential of the
second electrode of the capacitor C can be controlled by a
control signal supplied from the wiring CS.

The sensor element 22 of one embodiment of the present
invention icludes at least a transistor M4. In addition, a
transistor M5 and/or a transistor M6 may be included (see
FIG. 11C).

A gate of the transistor M4 1s electrically connected to the
first electrode of the capacitor C, and a first electrode of the
transistor M4 1s electrically connected to a wiring VPI. The
wiring VPI has a function of supplying, for example, a
ground potential.

A gate of the transistor M5 1s electrically connected to the
scan line G1, a first electrode of the transistor M5 1is
clectrically connected to a second electrode of the transistor
M4, and a second electrode of the transistor M5 1s electri-
cally connected to the signal line DL. The scan line G1 has
a Tunction of supplying, for example, a selection signal. The
signal line DL has a function of supplying, for example, a
sensor signal DATA.
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A gate of the transistor M6 1s electrically connected to a
wiring RES, a first electrode of the transistor M6 1s electri-
cally connected to the first electrode of the capacitor C, and
a second electrode of the transistor M6 1s electrically con-
nected to a wiring VRES. The wiring RES has a function of
supplying, for example, a reset signal. The wiring VRES has

a function of supplying, for example, a potential at which the
transistor M4 can be turned on.

Capacitance of the capacitor C 1s changed when an object
gets closer to the first electrode or the second electrode or
when a gap between the first electrode and the second
clectrode 1s changed, for example. Thus, the sensor element
22 can supply the sensor signal DATA 1n accordance with a
change 1n capacitance of the capacitor C.

The wiring CS electrically connected to the second elec-
trode of the capacitor C has a function of supplying a control
signal controlling a potential of the second electrode of the
capacitor C.

Note that a node at which the first electrode of the
capacitor C, the gate of the transistor M4, and the first
clectrode of the transistor M6 are electrically connected to
cach other 1s referred to as a node A.

FIG. 12A 1s an example of a circuit diagram 1n the case
where four sensor elements 22 are arranged 1n an array of
two rows and two columns.

FIG. 12B shows a positional relationship between the first
conductive layer 771 (corresponding to the first electrode)
included 1n the sensor element 22 and the wirings. The first
conductive layer 771 1s electrically connected to the gate of
the transistor M4 and the second electrode of the transistor
M6. The first conductive layer 771 overlaps with a plurality
of pixels 33 shown 1n FIG. 12C. The transistors M4 to M6
are preferably arranged not to overlap with the first conduc-
tive layer 771 as shown in FIG. 12B.

A wiring VPO and a wiring BR shown 1n FIG. 11B each
have a function of supplying, for example, a power source
potential high enough to turn on a transistor. The signal line
DL has a function of supplying a sensor signal DATA. A
terminal OUT has a function of supplying a signal converted
based on the sensor signal DATA.

The converter CONY has a conversion circuit. Any of
various circuits that can convert the sensor signal DATA and
supply the converted signal to the terminal OUT can be used
as the converter CONYV. For example, a circuit serving as a
source follower circuit or a current mirror circuit, which 1s
formed by electrically connecting the converter CONY to
the sensor element 22, can be used.

Specifically, a source follower circuit can be formed using
the converter CONY including a transistor M7 (see FIG.
11B). Note that a transistor that can be formed 1n the same
process as those of the transistors M4 to M6 may be used as
the transistor M7.

For example, the structure of the transistor 751, 752, or
the like 1llustrated 1n Embodiment 4 may be used for the
transistors M4 to M7.

Note that the structure of the converter CONY 1s not
limited to that shown in FIG. 11B. FIGS. 13A to 13C
illustrate different examples of the converter CONY.

The converter CONY m FIG. 13A includes a transistor
M8 1n addition to the transistor M7. Specifically, a gate of
the transistor M8 1s electrically connected to the signal line
DL, a first electrode of the transistor M8 1s electrically
connected the terminal OUT, and a second electrode of the
transistor M8 1s electrically connected to a wiring GND. The
wiring GND has a function of supplying, for example, a
ground potential. As shown 1n FIG. 13B, the transistors M7
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and M8 may each include a second gate. In that case, the
second gate 1s preferably electrically connected to the gate.

The converter CONV 1n FIG. 13C includes the transistor
M7, the transistor M8, and a resistor R. Specifically, the gate
of the transistor M7 1s electrically connected to a wiring
BR1. The gate of the transistor M8 1s electrically connected
to a wiring BR2, the first electrode of the transistor M8 1s
clectrically connected the terminal OUT and a second elec-
trode of the resistor R, and the second electrode of the
transistor M8 1s electrically connected the wiring GND. A
first electrode of the resistor R 1s electrically connected a
wiring VDD. The wirings BR1 and BR2 each have a
function of supplying, for example, a power source potential
high enough to turn on a transistor. The wiring VDD has a
function of supplying, for example, a high power source
potential.

Driving Method Example

Next, the driving method of the sensor element 22 1s
explained with reference to FIGS. 11A, 11B, 11C, 11D1, and

11D2.

<First Step>

In a first step, a reset signal for turning on the transistor
M6 and subsequently turning off the transistor M6 1s sup-
plied to the gate of the transistor M6, and a potential of the
first electrode of the capacitor C (that 1s, a potential of the
node A) 1s set at a predetermined potential (see a period T1
in FIG. 11D1).

Specifically, a reset signal 1s supplied to the wiring RES.
The transistor M6 to which the reset signal 1s supplied sets
the potential of the node A to a potential at which the
transistor M4 1s turned on, for example.
<Second Step>

In a second step, a selection signal that turns on the
transistor M5 1s supplied to the gate of the transistor M5, and
the second electrode of the transistor M4 1s electrically
connected to the signal line DL (see a period T2 in FIG.
11D1).

Specifically, a selection signal 1s supplied to the scan line
(G1. Through the transistor M5 to which the selection signal
1s supplied, the second electrode of the transistor M4 1is
clectrically connected to the signal line DL.
<Third Step>

In a third step, a control signal 1s supplied to the second
clectrode of the capacitor C, and a potential that varies
depending on the control signal and the capacitance of the
capacitor C 1s supplied to the gate of the transistor M4.

Specifically, a rectangular control signal 1s supplied to the
wiring CS. By supplying the rectangular control signal to the
second electrode of the capacitor C, the potential of the node
A 1s changed based on the capacitance of the capacitor C
(see the latter half 1n the period T2 1in FIG. 11D1).

For example, when the capacitor C 1s placed in the air and
an object with a higher dielectric constant than the air comes
close to the second electrode of the capacitor C, the apparent
capacitance of the capacitor C increases.

Thus, the change 1n the potential of the node A due to the
rectangular control signal becomes smaller than that 1n the
case where an object whose dielectric constant 1s higher than
that of the air 1s not located closer (see a solid line 1 FIG.
11D2).

In addition, when a gap between the first electrode and the
second electrode of the capacitor C 1s changed by deforma-
tion of the touch panel, the capacitance of the capacitor C 1s
changed. Accordingly, the potential of the node A 1s
changed.
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<Fourth Step>
In a fourth step, a signal obtained by the change 1n the

potential of the gate of the transistor M4 1s supplied to the
signal line DL.

For example, a change 1n current due to the change in the
potential of the gate of the transistor M4 1s supplied to the
signal line DL.

The converter CONY converts a change 1n current flow-
ing through the signal line DL into a voltage change and
supplies the voltage change, for example.
<Fifth Step>

In a fifth step, a selection signal for turning off the
transistor M3 1s supplied to the gate of the transistor M5.

In this manner, operation of the plurality of sensor ele-
ments 22 electrically connected to one scan line G1 1s
completed.

When there are n scan lines G1, the first step to the fifth
step are conducted with respect to each of the scan line
G1(1) to the scan line G1(»n).

T'he above 1s the description of the driving method.
This embodiment can be implemented in combination
with any of the embodiments described 1n this specification

as appropriate.

Embodiment 6

Embodiment 6 describes an embodiment of an active
matrix liquid crystal display device with reference to FIG.
14.

A liquad crystal display device 120 illustrated 1in FIG. 14
1s an example of a reflective liquid crystal display device.
Note that description of the components of an element
substrate 161 and a counter substrate 162 which are similar
to those 1n Embodiment 1 will be omutted.

The transistor layer 103 1s formed 1n the element substrate
161. The transistor layer 103 1s covered with the 1nsulating
layer 128. The retlective electrode layer 111, the msulating
layer 129, and the insulating layer 131 are formed over the
insulating layer 128.

In the counter substrate 162, a counter electrode layer 188
1s formed on the overcoat 184 1n addition to the components
of the counter substrate 102 described 1n Embodiment 1.

Furthermore, a liqmd crystal layer 110 1s provided
between the reflective electrode layer 111 and the counter
clectrode layer 188.

Note that an alignment film may be provided between the
reflective electrode layer 111 and the liquid crystal layer 110
and between the counter electrode layer 188 the liquid
crystal layer 110 (not shown in FIG. 14). An optical member
(an optical substrate), such as a polarizing member or a
retardation member, may be provided as appropriate (not
shown in FIG. 14). For example, circular polarization with
a polarizing substrate and a retardation substrate may be
used. A light source, such as a backlight or a sidelight, may
be used.

As examples of the liquid crystal matenial used for the
liguid crystal layer 110, the following can be given: a
nematic liqud crystal, a cholesteric liquid crystal, a smectic
liquad crystal, a discotic liquid crystal, a thermotropic liquid
crystal, a lyotropic liquid crystal, a low-molecular liquid
crystal, a high-molecular liqud crystal, a polymer dispersed
liguad crystal (PDLC), a ferroelectric liquid crystal, an
anti-ferroelectric liquid crystal, a main-chain liquid crystal,
a side-chain high-molecular liquid crystal, a banana-shaped
liquid crystal, and the like. Further, a mixed matenal of any
of the above-described liqud crystals and a chiral material
or the like can be used.




US 10,342,124 B2

39

The structure shown 1n FIG. 14, in which the liquid crystal
layer 110 1s provided between the reflective electrode layer

111 and the counter electrode layer 188 and potential dif-
terence 1s applied therebetween, allows alignment control of
the liquid crystal layer 110; thus, display modes of the liquid
crystal display device 120 can be changed.

The reflective liquid crystal display device 1in FIG. 14 1s
a non-limiting example. The use of a light-transmitting
conductive material for the reflective electrode layer 111
allows a manufacture of a light-transmissive liquid crystal
display device. The light-transmissive liquid crystal display
device may have a structure 1 which the insulating layer
128 does not have projections or depressions and only the
black matrix 186 of the counter substrate has projections.

The liquid crystal display device shown 1n FIG. 14 1s of
a vertical electric field mode (e.g., TN, VA, MVA, PVA,
STN, and OCB), 1n which potential difference 1s applied
between the reflective electrode layer 111 and the counter
clectrode layer 188, and can also be of a horizontal electric
ficld mode (e.g., m-plane-switching (IPS) and fringe field
switching (FFS)).

Described below 1s a semi-transmissive liquid crystal
display device, which 1s an embodiment of an active matrix
liquad crystal display device using the present invention. The
semi-transmissive liquid crystal display device in which
both a reflective electrode and a transmissive electrode exist
in a unit pixel can have characteristics of both of a reflective
liquid crystal display device and a transmissive liquid crystal
display device. Note that description of components similar
to those 1 FIG. 14 1s omitted.

Modification Example 1

A liquid crystal display device 120a shown in FIG. 15
includes a light-transmitting electrode layer 114 over the
insulating layer 128 and the reflective electrode layer 111
over the light-transmitting electrode layer 114. The retlec-
tive electrode layer 111 overlaps with part of the light-
transmitting electrode layer 114. The light-transmitting elec-
trode layer 114 has a region in contact with the liquid crystal
layer 110. Note that the light-transmitting electrode layer
114 and the retlective electrode layer 111 may be stacked 1n
reverse order of FIG. 15.

A light 171 from the element substrate 161 side, such as
a light from a backlight, passes through the region where the
light-transmitting electrode layer 114 1s 1n contact with the
liquid crystal layer 110 1n the opening 130. The reflective
clectrode layer 111 retlects a light 172 from the outside of
the liqguid crystal display device 120a.

As shown 1n FIG. 15, the liquid crystal display device
120a 1ncludes both of the light-transmitting electrode layer
114 and the reflective electrode layer 111 1n the opening 130
on the element substrate 161 side; thus, a semi-transmissive
liquad crystal display device 1n which display can be seen 1n
the dark and in the bright without a backlight can be
achieved. Since display can be seen even when a backlight
1s off, power consumption of the liquid crystal display
device can be reduced.

The ratio of the area occupied by the reflective electrode
layer 111 to the opening 130 can be determined depending
on the usage of the liquid crystal display device 120a. The
display region 1n the liquid crystal display device 120a may
include a region where the ratio of the area occupied by the
reflective electrode layer 111 from that 1in other regions 1s
different. Further, the display region in the liquid crystal
display device 120aq may include both a region where a unit
pixel includes the light-transmitting electrode layer 114 and
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the reflective electrode layer 111 in the opening 130 and a
region where a unit pixel includes only the light-transmaitting
clectrode layer 114 1n the opening 130. In addition, the
display region 1n the liquid crystal display device 120a may
include both a region where a unit pixel includes the
light-transmitting electrode layer 114 and the reflective
clectrode layer 111 1n the opening 130 and a region where a
unit pixel includes only the reflective electrode layer 111 1n
the opening 130.

Although FIG. 15 shows a structure i which the insu-
lating layer 128 in the opening 130 has a plurality of
depressions, the plurality of depressions of the insulating
layer 128 1n the opening 130 may be formed only 1n a region
where the retlective electrode layer 111 1s 1n contact with the
liquid crystal layer 110.

Modification Example 2

A liqud crystal display device 12056 shown 1n FIG. 16 1s
different from the liquid crystal display device 120q in that
an insulating layer 189 1s provided on the overcoat 184.

The distance that the light 171 travels through the liquid
crystal layer 110 1s nearly equal to the distance between the
light-transmitting electrode layer 114 and the counter elec-
trode layer 188 because the light 171 travels 1n a straight
light through the liquid crystal layer 110 in the liquid crystal
display device 120q. In contrast, the distance that the light
172 travels through the liquid crystal layer 110 1s nearly
equal to twice the distance between the reflective electrode
layer 111 and the counter electrode layer 188 because the
light 172 1s once reflected by the reflective electrode layer
111 which 1s 1n contact with the liquid crystal layer 110.

The difference between the distance that the light 171
travels through the liquid crystal layer 110 and the distance
that the light 172 travels through the liquid crystal layer 110
might lead to varnation in displaying state, such as display
brightness, between the case where the light-emitting dis-
play device 120a serves as a reflective liquid crystal display
device and the case where the light-emitting display device
120a serves as a transmissive liquid crystal display device.
Thus, the distance that the light 172 travels through the
liquid crystal layer 110 1s preferably shorter.

The msulating layer 189 serves as an optical adjustment
layer i the liquid crystal display device 1205. When the
insulating layer 189 1s provided so as to overlap with the
reflective electrode layer 111, the distance between the
counter electrode layer 188 and the retlective electrode layer
111 in the overlap region can be reduced.

The distance between the counter electrode layer 188 and
the retlective electrode layer 111 with which the nsulating
layer 189 overlap 1s represented as D2, and the distance
between the counter electrode layer 188 and the light-
transmitting layer 114 with which the overcoat 184 overlap
1s represented as D3. When D2 1s about half of D3, the
distance that the light 171 travels through the liquid crystal
layer 110 and the distance that the light 172 travels through
the liquid crystal layer 110 can be nearly the same. Note that
the intensity of electric field applied to the 11qu1d crystal
layer 110 through which the light 172 passes 1s larger than
that through which the light 171 travels because D2 1s less
than D3. For this reason, D2 1s preferably less than or equal
to half of D3.

Note that the insulating layer 189 may be provided
between the counter electrode layer 188 and the liquid
crystal layer 110 (see FIG. 17). With this structure, electric
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field applied to the liquid crystal layer 110 through which the
light 172 passes can be equal to that through which the light
171 passes.

The insulating layer 189 may be provided not on the
counter substrate 162 side but on the element substrate 161
side. That 1s, an insulating layer may be provided on the
reflective electrode layer 111 or over the light-transmitting,
clectrode layer 114 overlapped with the reflective electrode
layer 111. The 1nsulating layer 129, the msulating layer 131,
or the like may be overlapped with the reflective layer 111.
In the liquid crystal display device 1206 shown 1n FIG. 18,
the 1mnsulating layer 129 1s provided over the light-transmit-
ting layer 114 so as to overlap with the retlective electrode
layer 111. In FIG. 18, the mnsulating layer 128 does not have
projections or depressions and the insulating layer 129
overlapping with the reflective electrode layer 111 has a
plurality of depressions. Furthermore, the nsulating layer
129 has an opening through which the reflective electrode

layer 111 1s connected to the light-transmitting electrode
layer 114.

The msulating layer 189 1n FIG. 16 and FI1G. 17 1s a single
layer but may be a stacked layer.

In FIG. 16 and FIG. 17, the surface of the msulating layer
189 may have a plurality of depressions retlecting a plurality
of depressions 1n the surface of the insulating layer 128. This
structure can keep the distance between the counter elec-
trode layer 188 and the reflective electrode layer 111 over-
lapping with the mnsulating layer 189 regardless of 1rregu-
larity of the surface of the reflective electrode layer 111.

A film similar to the msulating layer 351 described 1n
Embodiment 2 can be used as a film of the msulating layer
189. The insulating layer 189 can be formed using, for
example, a polyimide resin, an epoxy resin, or an acrylic
resin.

Modification Example 3

A liquid crystal display device 120¢ shown 1n FIG. 19 1s
different from the liquid crystal display device 120q 1n that
the reflective electrode layer 111 1s apart from the light-
transmitting electrode layer 114 1n the opening 130 and that
the color filters 181, 182, and 183 have openings.

The reflective electrode layer 111, the insulating layer
132, and the light-transmitting electrode layer 114 are
stacked 1n this order on the isulating layer 128. The
insulating layer 132 1n which the opening 130 1s not formed
has an opening through which the light-transmitting elec-
trode layer 114 1s connected to the reflective electrode layer
111. Part of the reflective electrode layer 111 1s not con-
nected to one of the source electrode and the drain electrode
125. The msulating layer 128 overlapping with the retlective
clectrode layer 111 has a plurality of depressions.

The liqud crystal display device 120¢ can have a higher
degree of freedom for selecting a material of the reflective
clectrode layer 111 and the light-transmitting electrode layer
114 because the retlective electrode layer 111 1s apart from
the light-transmitting electrode layer 114.

Note that the liquid crystal display device 120¢ may be
configured not to connect the reflective electrode layer 111
with the light-transmitting electrode layer 114. In other
words, one of the source electrode and the drain electrode
125 of the transistor 109 may be directly connected to the
light-transmitting electrode layer 114. This structure leads to
a reduction 1n the number of steps because the openings of
the msulating layers 128 and 132 for connecting the light-
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transmitting electrode layer 114 with one of the source
clectrode and drain electrode 1235 can be formed simultane-
ously.

The color filters 181, 182, and 183 have a plurality of
openings overlapping with the reflective electrode layer 111.
As 1llustrated i FI1G. 19, the light 171 from a backlight or
the like travels through the color filter once, whereas the
light 172 from the outside of the liquid crystal display device
120¢ travels through the color filter twice. In order to
prevent major changes in color tones of a display image
between the case where the liquid crystal display device
120c¢ serves as a retlective liquid crystal display device and
the case where the liquid crystal display device 120c¢ serves
as a transmissive liquid crystal display device, a plurality of
openings are preferably provided in the color filter through
which the light 172 passes, 1.e., the color filter overlapping
with the reflective electrode layer 111. It 1s preferable that
the plurality of openings be small 1n hole diameter and
uniform in number; however, the hole diameter and number
can be adjusted as appropriate so that the liquid crystal
display device 120¢ can meet the requirements for color tone
and brightness of display images as a reflective liquid crystal
display device.

Another structure may be used in which a plurality of
openings are not provided 1n the color filter overlapping with
the retlective electrode layer 111 and the thickness of this
color filter 1s less than that of the color filter through which
the light 171 passes. This structure can reduce color uneven-
ness of display images when the liquid crystal display device
120c¢ serves as a reflective liquid crystal display device.

This embodiment can increase irregularity of the surface
shape of the reflective electrode of the light-emitting ele-
ment, leading to inhibition of interference fringes and reflec-
tion of 1mages due to outside light reflected by the display
of the liquid crystal display device. The projections on the
surface of the black matrix can also inhlibit interference
fringes and reflection of 1mages due to outside light.

Note that one embodiment of the present invention using
a liquid crystal element 1s a non-limiting example. For
example, a display element, a display device including a
display element, a light-emitting element, and a light-emiat-
ting device including a light-emitting element 1n this speci-
fication and the like can employ a variety of modes or can
include a variety of elements. Examples of the display
clement, the display device, the light-emitting element, and
the light-emitting device include an electroluminescence
(EL) element (e.g., an EL element containing organic and
inorganic materials, an organic EL element, or an morganic
EL element), an LED (e.g., a white LED, a red LED, a green
LED, or a blue LED), a transistor (a transistor that emits
light depending on current), an electron emitter, a liquid
crystal element, electronic ink, an electrophoretic element, a
grating light valve (GLV), a plasma display panel (PDP), a
display element using micro electro mechanical system
(MEMS), a digital micromirror device (DMD), a digital
micro shutter (DMS), an interferometric modulator display
(IMOD) element, a MEMS shutter display element, an
optical-interference-type MEMS display element, an elec-
trowetting element, a piezoelectric ceramic display, and a
display element including a carbon nanotube.

Other than the above elements, a display device including
display media whose contrast, luminance, retlectivity, trans-
mittance, or the like 1s changed by electrical or magnetic
ellect may be included. Alternatively, quantum dots may be
used as the display element. Examples of display devices
having EL elements include an EL display. Examples of
display devices including electron emitters are a field emis-
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sion display (FED) and an SED-type flat panel display
(SED:  surface-conduction electron-emitter  display).
Examples of display devices including quantum dots include
a quantum dot display. Examples of display devices includ-
ing liquid crystal elements include a liqud crystal display
(e.g., a transmissive liquid crystal display, a transtlective
liquid crystal display, a reflective liquid crystal display, a
direct-view liquid crystal display, or a projection liqud
crystal display). Examples of a display device including
clectronic 1nk, electronic liquid powder (registered trade-
mark), or electrophoretic elements include electronic paper.
In the case of a transflective liquid crystal display or a
reflective liquid crystal display, some of or all of pixel
clectrodes function as retlective electrodes. For example,
some or all of pixel electrodes are formed to contain
aluminum, silver, or the like, and furthermore, a memory
circuit such as an SRAM can be provided under the retlec-
tive electrodes, leading to lower power consumption. In the
case of using LEDs, graphene or graphite may be provided
below an electrode. The graphene or graphite may be a
multiple film of a plurality of layers stacked. Since the
graphene or graphite 1s provided, an n-type GalN semicon-
ductor layer including crystals can be easily formed on the
graphene or graphite. Note that an AIN layer may be
provided between the graphene or graphite and the n-type
GaN semiconductor layer including crystals. The GalN layer
may be deposited by MOCVD. The provision of graphene
allows deposition of the GalN layer by sputtering.

This embodiment can be implemented 1n approprate

combination with any of the structures described 1n the other
embodiments.

Embodiment 7

Embodiment 7 describes a method for increasing irregu-

larity of the surface shape of of the reflective electrode and
black matrix of the EL display device 260 (in FIG. 4) with

reference to FIGS. 24 A1 to 24BS.

As described 1n Embodiments 1 to 4, 1n order to form a
plurality of depressions 1n a surface of a reflective electrode,
a method of forming a plurality of depressions 1n a surface
of an insulating layer that 1s a base layer of a reflective
clectrode can be used. Thus, to increase 1rregularity of the
surface shape of the reflective electrode layer 331 1n the EL
display device 260, the plurality of depressions 361 with
irregular planar shapes are randomly formed 1n the surface
of the msulating layer 353.

To increase the irregularity of the surface shape of the
black matrix 379 of the EL display device 260, the plurality
of structures 378 with 1rregular planar shapes are randomly
arranged.

However, when the EL display device 260 has a larger
screen and 1s provided with an increased number of pixels,
making a photomask pattern irregular 1n all the pixels
becomes a significant burden on design of a photomask
pattern. In view of the above, 1n this embodiment, a method
for designing a photomask with the use of an extremely
smaller number of layout patterns than unit pixels while
increasing irregularity of the surface shape of the reflective
clectrode and that of the black matrix.

First, a method for increasing irregularity of the surface
shape of the retlective electrode 1s described with reference
to FIGS. 24 A1 to 24AS.

FIG. 24 A1 1s a plan view 1illustrating an example that 1s
a standard layout pattern 500 of the depressions 361 of the
reflective electrode layer 331.
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As the planar shape of the standard layout pattern 500
illustrated in FIG. 24 A1, a shape capable of being tiled by

translation operation or rotating operation can be used. A

square 1s employed here.

Hatching patterns 501 1n FIG. 24A1 correspond to the
depressions 361. The shape of the pattern 301 does not have
rotational symmetry. All the patterns 301 1n the standard
layout pattern S00 are different from each other. The pattern
501 1s preferably drawn freechand to make the shapes of the
patterns 501 themselves irregular. The patterns 501 are
preferably provided at substantially regular intervals as

illustrated 1n FIG. 24Al.

A hollow pattern 511 1 FIG. 24A2 corresponds to the
region 360 where the depressions 361 are formed (FIG.
22A).

Here, the shape of the standard layout pattern 500, which
1s a square having four-fold rotational symmetry, 1s utilized
and four standard mask patterns for forming the depressions

are formed from one standard layout pattern 500. Specifi-
cally, the standard layout pattern 500 1s rotated 0°, 90°, 180°,
and 270°, and each of the rotated layout patterns are used to
form standard mask patterns for forming the depressions.
FIGS. 24A2 to 24AS show four standard mask patterns
obtained by such a method.

The patterns 501 of the depressions in the four mask
patterns are preferably arranged at the same densities as
illustrated 1n FIGS. 24A2 to 24AS5. For this reason, the
shapes and arrangement of some of the patterns 501 1n the
mask patterns obtained by the method 1n FIGS. 24A2 to
24AS may be finely adjusted.

The use of one or more of the four mask patterns shown
in FIGS. 24A2 to 24AS allows design of a mask pattern for
forming the depressions 361.

Next, a method for increasing irregularity of the surface
shape of the black matrix 1s described with reference to
FIGS. 24B1 to 24BS.

FIG. 24B1 1s a plan view 1llustrating an example that 1s a
standard layout pattern 530 of the depressions of the black
matrix 379.

Like the standard layout pattern 500 of the depressions
361 of the reflective electrode layer 331, as the planar shape
of the standard layout pattern 530 illustrated in FIG. 24B1,
a shape capable of being tiled by translation operation or
rotating operation can be used. A square 1s employed here.

Hatching patterns 531 in FIG. 24B1 correspond to the
depressions of the black matrix 379. The shape of the pattern
531 does not have rotational symmetry. All the patterns 531
in the standard layout pattern 530 are diflerent from each
other. The pattern 531 is preferably drawn freehand to make
the shapes of the patterns 301 themselves irregular. The
patterns 531 are preferably provided at substantially regular
intervals as 1llustrated 1n FIG. 24B1.

A hollow pattern 511 m FIG. 24A2 corresponds to the
region 360 where the depressions 361 are formed (the pixel
opening). Projections of the black matrix 379 are formed 1n
the vicinity of the region 360.

Here, the shape of the standard layout pattern 530, which
1s a square having four-fold rotational symmetry, 1s utilized
and four standard mask patterns for forming the depressions
of the black matrix 379 are formed from one standard layout
pattern 330. Specifically, layout patterns are obtained 1n such
a manner that the standard layout pattern 530 1s rotated 0°,
90°, 180°, and 270°, and each of rotated the layout patterns
are used to form standard mask patterns for forming the
depressions. FIGS. 24B2 to 24B3 show four standard mask

patterns obtained by such a method.
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The patterns 531 of the depressions in the four mask
patterns are preferably arranged at the same densities as
illustrated 1n FIGS. 24B2 to 24BS5. For this reason, the
shapes and arrangement of some of the patterns 531 1n the
mask patterns obtained by the method i FIGS. 24B2 to
24B5 may be finely adjusted.

The use of one or more of the mask patterns of FIGS.
24B2 to 24BS3 allows design of a mask pattern for forming
the projections of the black matrix 379.

FIGS. 25A to 25F illustrates the mask patterns. A mask
pattern A corresponds to the standard mask pattern which 1s
not rotated. A mask pattern B corresponds to the standard
mask pattern rotated 90°. A mask pattern C corresponds to
the standard mask pattern rotated 180°. A mask pattern D
corresponds to the standard mask pattern rotated 270°.

FIG. 25A 1s an example using one mask pattern, the mask
pattern A here. FIGS. 25B to 25F are example each using
four mask patterns A to D.

FIG. 25B 1s an example where the mask patterns A to D
are repeatedly arranged for unit pixels 1n each row and each
column 1n the order of A, B, C, and D. In FIG. 25C, the mask
patterns in the column direction are arranged 1n the order of
A, C, B, and D so that regularity of arrangement of the mask
patterns A to D 1n FIG. 25C 1s lower than that 1n FIG. 25B.

In the example 1 FIG. 25D or 25E, the mask patterns are
arranged 1n such a manner that the same mask patterns are
used for two adjacent unit pixels in each row and each
column and the mask pattern 1s changed 1n the same order
as that 1n FIG. 25B or 25C.

The example shown 1n FIG. 25F 1s obtained randomly
arranging pixels without regular repetition. Such an rregular
arrangement can be made by determining arrangement of
mask patterns using random numbers.

The use of the plurality of mask patterns as shown in
FIGS. 25B to 25F can increase wrregularity of the surface
shape of the reflective electrode layer 331 and that of the
black matrix 379.

Since the mask patterns A to D are formed from the same
standard layout pattern 500, the retlecting properties of the
reflective electrode layers 331 1n the adjacent unit pixels Pix
are not considerably different from each other even when the
depressions 361 are formed in the msulating layer 353 with
the use of the plurality of mask patterns A to D. Accordingly,
tavorable display can be performed on the EL display device
260.

Since the mask patterns A to D are formed from the same
standard layout pattern 530, the reflecting properties and the
absorbing properties of the black matrixes 379 1n the adja-
cent unit pixels Pix are not considerably different from each
other even when the plurality of structures 180 are formed
with the use of the plurality of mask patterns A to D.
Accordingly, favorable display can be performed on the EL
display device 260.

Although the four mask patterns A to D are designed from
one standard layout pattern 500 or 530, the number of
standard mask patterns can be increased by using the plu-
rality of standard layout patterns 500 or 530. For example,
the use of two kinds of standard layout patterns 500 or 530
cnables formation of eight kinds of standard mask patterns
for forming the depressions.

Although an example where the standard layout pattern
500 or 530 1s rotated 90° to design the four mask patterns A
to D 1s described here, the angle of rotation 1s not limited to
90°. For example, when the angle of rotation 1s 60°, six
kinds of standard mask patterns for forming the depressions
can be formed from one kind of standard layout pattern 500

or 530.
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As described above, by the method for designing a
photomask of this embodiment, 1irregularity of the surface

shape of a plurality of reflective electrodes and that of a
black matrix can be increased 1n the whole pixel portion and
a larger screen and higher definition can be easily achieved.
This embodiment can be appropriately combined with any
of the other embodiments described 1n this specification.

Embodiment 8

Embodiment 8 describes electronic devices provided with
a display device for a display portion or provided with a
flexible touch panel shown 1n the other embodiments of the
present mvention.

Examples of the electronic devices to which the display
portion including a display device 1s applied include tele-
vision devices (also referred to as TV or television receiv-
ers), monitors for computers and the like, cameras such as
digital cameras and digital video cameras, digital photo
frames, mobile phones (also referred to as cellular phones or
cellular phone devices), portable game machines, portable
information terminals, audio playback devices, and large
game machines such as pachinko machines.

The touch panel of one embodiment of the present inven-
tion has flexibility, and can be used in flexible electronic
devices. The use of one embodiment of the present invention
can provide an electronic device or a lighting device having
high reliability and high resistance to repeated bending. The
touch panel of one embodiment of the present invention
which has flexibility can be incorporated along a curved
inside/outside wall surface of a house or a building or a
curved 1nterior/exterior surface of a car.

Specific examples of these electronic devices are shown
in FIGS. 26A to 26D and FIGS. 27A to 27F.

FIG. 26A 1llustrates an example of a television set. In a
television set 7100, a display portion 7103 1s incorporated in
a housing 7101. The display portion 7103 1s capable of
displaying images, and a display device can be used for the
display portion 7103. In addition, here, the housing 7101 1s
supported by a stand 7103.

The television set 7100 can be operated by an operation
switch of the housing 7101 or a separate remote controller
7110. With operation keys 7109 of the remote controller
7110, channels and volume can be controlled and 1mages
displayed on the display portion 7103 can be controlled.
Further, the remote controller 7110 may be provided with a
display portion 7107 for displaying data output from the
remote controller 7110.

The television set 7100 1s provided with a receiver, a
modem, and the like. With the receiver, a general television
broadcast can be received. Furthermore, when the television
set 7100 1s connected to a communication network by wired
or wireless connection via the modem, one-way (from a
transmitter to a receiver) or two-way (between a transmitter
and a receiver, between receivers, or the like) data commu-
nication can be performed.

FIG. 26B 1illustrates an example of a computer. A com-
puter 7200 includes a main body 7201, a housing 7202, a
display portion 7203, a keyboard 7204, an external connect-
ing port 7205, a pointing device 7206, and the like.

FIG. 26C 1illustrates an example of a mobile phone. A
mobile phone 7400 1s provided with operation buttons 7403,
an external connection port 7404, a speaker 7405, a micro-
phone 7406, and the like, in addition to a display portion
7402 incorporated 1n a housing 7401.

When the display portion 7402 of the mobile phone 7400

1s touched with a finger or the like, data can be mput into the



US 10,342,124 B2

47

mobile phone 7400. Further, operations such as making a
call and creating an e-mail can be performed with the touch
of a finger or the like on the display portion 7402.

There are mainly three screen modes of the display
portion 7402. The first mode 1s a display mode mainly for
displaying 1mages. The second mode 1s an mput mode
mainly for iputting data such as text. The third mode 1s a
display-and-input mode in which two modes of the display
mode and the mput mode are combined.

For example, 1n the case of making a call or composing
an e-mail, a text mput mode mainly for mmputting text is
selected for the display portion 7402 so that characters
displayed on a screen can be inputted. In this case, 1t 1s
preferable to display a keyboard or number buttons on
almost the entire screen of the display portion 7402.

When a sensing device including a sensor for sensing
inclination, such as a gyroscope or an acceleration sensor, 1s
provided inside the mobile phone 7400, display on the
screen of the display portion 7402 can be automatically
changed by determining the orientation of the mobile phone
7400 (whether the mobile phone 1s placed horizontally or
vertically for a landscape mode or a portrait mode).

The screen modes are switched by touching the display
portion 7402 or operating the operation buttons 7403 of the
housing 7401. Alternatively, the screen modes can be
switched depending on kinds of images displayed on the
display portion 7402. For example, when a signal of an
image displayed on the display portion is a signal of moving
image data, the screen mode 1s switched to the display mode.
When the signal 1s a signal of text data, the screen mode 1s
switched to the input mode.

Moreover, 1n the input mode, when input by touching the
display portion 7402 1s not performed within a specified
period while a signal detected by an optical sensor in the
display portion 7402 1s detected, the screen mode may be
controlled so as to be switched from the mput mode to the
display mode.

The display portion 7402 may function as an image
sensor. For example, an image of a palm print, a fingerprint,
or the like 1s taken with the touch of the palm or the finger
on the display portion 7402, whereby personal authentica-
tion can be performed. Further, by providing a backlight or
a sensing light source which emits a near-infrared light 1n the
display portion, an image of a finger vein, a palm vein, or the
like can be taken.

FI1G. 26D illustrates an example of a foldable computer. A
foldable computer 7450 includes a housing 74511 and a
housing 7451R connected by hinges 7454. The computer
7450 further includes an operation button 7433, a leit
speaker 745351, and a rnight speaker 7455R. In addition, a
side surface of the computer 7450 1s provided with an
external connection port 7456, which 1s not illustrated. Note
that when the computer 7450 1s folded on the hinges 7454
so that a display portion 74521 provided in the housing
74511 and a display portion 7452R provided in the housing
7451R can face each other, the display portions can be
protected by the housings.

Each of the display portions 743521 and 7452R is a
component which can display images and to which data can
be 1nput by touch with a finger or the like. For example, the
icon for an installed program 1s selected by touch with a
finger, so that the program can be started. Further, changing
the distance between fingers touching two positions of the
displayed 1mage enables zooming in or out on the 1mage.
Drag of a finger touching one position of the displayed
image enables drag and drop of the image. Selection of the
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displayed character or symbol on the displayed 1mage of a
keyboard by touch with a finger enables data input.

Further, the computer 7450 can also include a gyroscope,
an acceleration sensor, a global positioning system (GPS)
receiver, a fingerprint sensor, or a video camera. For
example, when a detection device including a sensor for
sensing inclination, such as a gyroscope or an acceleration
sensor, 1s provided, the orientation of the display screen can
be automatically changed by determining the orientation of
the computer 7450 (whether the computer 7450 1s placed
horizontally or vertically for a landscape mode or a portrait
mode).

Furthermore, the computer 7450 can be connected to a
network. The computer 7450 not only can display data on
the Internet but also can be used as a terminal that controls
another electronic device connected to the network from a
distant place.

FIG. 27A illustrates an example of a portable game
machine. A portable game machine 7300 includes two
housings, a housing 7301 and a housing 7302, which are
connected with a joint portion 7303 so that the portable
game machine can be opened or folded. A display portion
7304 1s incorporated in the housing 7301 and a display
portion 73035 1s incorporated 1n the housing 7302. In addi-
tion, the portable game machine 7300 includes a speaker
portion 7306, a recording medium insertion portion 7307, an
LED lamp 7308, mput means (operation keys 7309, a
connection terminal 7310, a sensor 7311 (a sensor having a
function of measuring force, displacement, position, speed,
acceleration, angular velocity, rotational speed, distance,
light, liguid, magnetism, temperature, chemical substance,
sound, time, hardness, electric field, current, voltage, electric
power, radiation, flow rate, humidity, gradient, vibration,
smell, or infrared ray), a microphone 7312, and the like.

The portable game machine 7300 has a function of
reading a program or data stored 1n a recording medium to
display it on the display portion, and a function of sharing
data with another portable game machine by wireless com-
munication. Note that a function of the portable game
machine 7300 1s not limited to the above, and the portable
game machine 7300 can have a variety of functions.

It 1s needless to say that the structure of the portable game
machine 7300 1s not limited to that in FIG. 27A as long as
a display device 1s used for at least one or both of the display
portion 7304 and the display portion 7305. The portable
game machine 7300 can further include any of various
accessories as appropriate.

FIG. 27B illustrates an example of a portable touch panel.
A touch panel 7500 includes a housing 7501, a display
portion 7502, operation buttons 7503, a display portion pull
7504, and a control portion 7503.

The touch panel 7500 includes a rolled flexible display
portion 7502 1n the cylindrical housing 7501.

The touch panel 7500 can receive a video signal with the
control portion 7505 and can display the received video on
the display portion 7502. In addition, a battery 1s included 1n
the control portion 7505. Moreover, a terminal portion for
connecting a connector may be included in the control
portion 7505 so that a video signal or power can be directly
supplied from the outside with a wiring.

By pressing the operation buttons 7503, power ON/OFF,
switching of displayed videos, and the like can be per-
formed.

FIG. 27C illustrates a touch panel 7500 1n a state where
the display portion 7502 1s pulled out with the display
portion pull 7504. Videos can be displayed on the display
portion 7502 in this state. Further, the operation buttons
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7503 on the surface of the housing 7501 allow one-handed
operation. The operation buttons 7503 are provided not 1n

the center of the housing 7501 but on one side of the housing
7501 as illustrated 1n FIG. 27B, which makes one-handed
operation easy.

Note that a remnforcement frame may be provided for a
side portion of the display portion 7502 so that the display
portion 7502 has a flat display surface when pulled out.

Note that 1n addition to this structure, a speaker may be
provided for the housing so that sound 1s output with an
audio signal received together with a video signal.

FIGS. 27D to 27F illustrate a foldable portable informa-
tion terminal 7610. FIG. 27D illustrates the portable infor-
mation terminal 7610 that 1s opened. FIG. 27E illustrates the
portable information terminal 7610 that 1s being opened or
being folded. FIG. 27F illustrates the portable imnformation
terminal 7610 that i1s folded. The portable information
terminal 7610 1s highly portable when folded. When the
portable mformation terminal 7610 1s opened, a seamless
large display region 1s highly browsable.

A display panel 7616 1s supported by three housings 7615
joined together by hinges 7613. By folding the portable
information terminal 7610 at a connection portion between
two housings 7615 with the hinges 7613, the portable
information terminal 7610 can be reversibly changed in
shape from an opened state to a folded state. The touch panel
according to one embodiment of the present invention can
be used for the display panel 7616. For example, a touch
panel that can be bent with a radius of curvature of greater
than or equal to 1 mm and less than or equal to 150 mm can
be used.

Note that 1n one embodiment of the present invention, a
sensor that senses whether the touch panel 1s 1n a folded state
or an unfolded state and supplies sensing data may be used.
The operation of a folded portion (or a portion that becomes
invisible by a user by folding) of the touch panel may be
stopped by a control device through the acquisition of data
indicating the folded state of the touch panel. Specifically,
display of the portion may be stopped, and furthermore,
sensing by the touch sensor may be stopped.

Similarly, the control device of the touch panel may
acquire data indicating the unfolded state of the touch panel
to resume displaying and sensing by the touch sensor.

This embodiment can be implemented 1n approprate
combination with any of the structures described 1n the other
embodiments.

Example 1

The effect of an EL display device in which a pixel
clectrode has depressions and a black matrix has projections
on reflection of outside light will be described with reference
to FIGS. 28A to 28C.

FIG. 28A shows an image observed from the counter
substrate side of an EL display device 1 in which the
measures described in Embodiment 1 are not taken for the
element substrate and the counter substrate. In other words,
a pixel electrode region of the element substrate does not
have depressions and a black matrix region of the counter
substrate does not have projections in the EL display device
1. Note that the EL display device 1 does not include a black

matrix 1tsellf. The EL display device 1 and EL display
devices 2 and 3 described later do not include an anti-
reflection film.

The EL display device 1 was observed in a dark room.
Light from a room lamp was used as outside light. The EL
display device 1 was photographed 1n a position where
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reflection of outside light 1s observed on the rear of the
counter substrate (the display side) of the EL display device
1. Note that the EL display devices 2 and 3 were observed
under the same conditions.

As shown 1n FIG. 28A, iterference Iringes caused by
reflection of outside light are clearly observed from the
clement and counter substrates in which measures are not
taken.

FIG. 28B shows an image observed from the counter
substrate of the EL display device 2 in which the measures
described 1n Embodiment 1 are taken only for the counter
substrate. In other words, a pixel electrode of the element
substrate does not have depressions and a black matrix of the
counter substrate has projections in the EL display device 2.

As shown m FIG. 28B, interference fringes caused by
reflection of outside light can be greatly suppressed in the
EL display device in which the counter substrate has the
black matrix having projections.

FIG. 28C shows an image observed from the counter
substrate of the EL display device 3 in which the measures
described 1n Embodiment 1 are taken for both the element
substrate and the counter substrate. In other words, a pixel
clectrode of the element substrate has depressions and a
black matrix of the counter substrate has projections in the
EL display device 3.

As shown 1n FIG. 28C, interference Iringes caused by
reflection of outside light can be further suppressed 1n the EL
display device 3 than in the EL display device 2.

The above observation results show that a black matrix
having projections provided on a counter substrate can
suppress 1mnterference fringes caused by reflection of outside
light and that depressions of a pixel electrode on an element
substrate can further suppress interference fringes caused by
reflection of outside light.

Example 2

Next, reflectance of outside light 1s compared from an
example 1 which a black matrix has projections having
irregular surface shapes with an example in which a black
matrix does not have projections.

A counter substrate 1 (comparison example) includes a
black matrix and a color filter and does not include a
structure on the black matrix. A counter substrate 2 includes
a structure, a black matrix, and a color filter. The black
matrix of the counter substrate 2 has projections reflecting
the surface shape of the structure. In other words, the black
matrix ol the counter substrate 2 has irregular surface
shapes.

Retflectance of outside light was measured on the side (the
display side) of the counter substrates 1 and 2 where a black
matrix and the like are not provided. An angle formed by
outside light and a normal of the substrate surface and an
angle formed by a measurement apparatus (LCD-7200) and
the normal of the substrate surface are changed. The mea-
surement results are shown in FIG. 29.

With respect to the counter substrates 1 and 2, a projecting,
angle of outside light was varied while an acceptance angle
of the measurement apparatus was fixed at 15°, 20°, 25°,
30°, 35°, and 40°, so that the measurement results of FIG. 29
were obtained.

Table 1 shows the measurement results of reflectance (%)

when the projecting angles and the acceptance angles were
each 15°, 20°, 25°, 30°, 35°, and 40°. That 1s, the values 1n
Table 1 are values at and around the tops of the vertexes of
parabolas shown 1 FIG. 29. Note that in order to observe an
influence only of a difference in surface shapes of black
matrixes, the counter substrate 1 and 2 are not EL display
devices but counter substrates themselves. The counter
substrates 1 and 2 do not include anti-retlection films.
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TABLE 1

Measurement angle 15° 20° 25° 30° 35° 40°
Reflectance (%) of 5.3615 54078 5.4783 5.5852 5.7655 6.054
counter substrate 1
(comparison example)
Reflectance (%) of 4.6331 4.6433 4.6986 4772 4.9392 5.2185
counter substrate 2
Reflectance 0.7284 0.7645 0.7797 0.8132 0.8263 0.8355
difference (%o)
Reduction 1n 13.586 14.137 14.233 14.56 14.332 13.801

reflectance (%)

The comparison of the reflectance between the counter
substrate 1 (comparison example) and the counter substrate
2 shows that the reflectance of outside light 1s reduced by
about 0.8% at a measurement angle of 30° due to the
projections of a black matrix. This result means a reduction
of about 14.56% 1n comparison with the reflectance of the
counter substrate 1. In other words, the irregular surface
shape of a black matrix can greatly suppress reflection of
outside light.

As compared to a reduction ratio of reflectance between
measurement angles, the reflectance 1s most reduced
between 25° and 30°. This result shows that one embodi-
ment of the present invention 1s more eflective on retlection
in a slanting direction than on reflection 1 a direction
perpendicular to the display surface. In other words, one
embodiment of the present mvention exerts an eflect on a
flexible display device whose screen 1s often seen from a
slanting direction.

Reflection of outside light by a black matrix receives little
attention because absorptance of visible light of a black
matrix 1s high. However, the use of one embodiment of the
present 1nvention achieves a display device which can
cllectively reduce reflection of outside light by a black
matrix.

Example 3

Next, outside-light reflectance of an EL display device 1n
which a pixel electrode has depressions and a black matrix
has projections was measured.

An EL display device 4 includes an element substrate and
a counter substrate. The element substrate includes a retlec-
tive electrode having depressions. The counter substrate
includes a structure, a black matrix, and a color filter. An EL
display device 5 includes, 1n addition to the structure of the
EL display device 4, an anti-reflection film on the side (the
display side) of the counter substrate where a black matrix
and the like are not provided.

Outside-light reflectance was measured on the display
side of the counter substrate of each of the EL display
devices 4 and 5. An angle formed by outside light and a
normal of the substrate surface and an angle formed by a
measurement apparatus (LCD-7200) and the normal of the

substrate surface are changed. The measurement results are
shown 1n FIG. 30.

With respect to the EL display devices 4 and 3, a pro-
jecting angle of outside light was varied while an acceptance
angle of the measurement apparatus was fixed at 15°, 20°,
25°, 30°, 35°, and 40°, so that the measurement results of
FIG. 30 were obtained.

Table 2 shows the results of reflectance (%) when the
projecting angles and the acceptance angles were each 15°,
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20°, 25°,30°, 35°, and 40°. That 1s, the values 1n Table 2 are
values at and around the tops of the vertexes of parabolas
shown i FIG. 30.

TABLE 2
Measurement
angle 15° 20° 25° 30° 35° 40°
EL display 43828 4416 44844 45938 4.7648  5.0272
device 4
EL display 1.0828  1.1102 1.1608 1.2564 1.4089 1.6601
device 5

The results 1n Table 2 show that the reflective electrode
having depressions, the black matrix having projections, and
the anti-reflection film can reduce reflectance of outside

light.
REFERENCE NUMERALS

10: touch panel, 20: touch sensor module, 21: substrate,
22: sensor element, 23: circuit, 24: circuit, 30: display panel,
31: substrate, 32: display portion, 33: pixel, 34: circuit, 41:
FPC, 42: FPC, 43: terminal, 100: EL display device, 101:
element substrate, 102: counter substrate, 103: transistor
layer, 104: space, 105: light-emitting element, 106: light,
107: substrate, 108: substrate, 109: transistor, 110: liquid-
crystal layer, 111: reflective electrode layer, 112: light-
transmitting electrode layer, 113: light-emitting layer, 114:
light-transmitting electrode layer, 120: liquid crystal display
device, 120a: liquid crystal display device, 12056: liquid
crystal display device, 120¢: liquid crystal display device,
121: msulating layer, 122: gate electrode, 123: gate nsulat-
ing layer, 124: semiconductor layer, 125: source electrode
and drain electrode, 126: mnsulating layer, 127: insulating
layer, 128: insulating layer, 129: insulating layer, 130:
opening, 131: msulating layer, 132: insulating layer, 140:
region, 141: depression, 141a: depression, 142: opening,
161: clement substrate, 162: counter substrate, 171: light,
172: light, 180: structure, 180a: structure, 1805: structure,
181: color filter, 182: color filter, 183: color filter, 184:
overcoat, 186: black matrix, 187: anti-reflection film, 188:
counter electrode layer, 189: insulating layer, 200: light,
201: element substrate, 202: counter substrate, 230: pixel
circuit, 260: EL display device, 261: EL display device, 301:
gate line, 302: power supply line, 303: clectrode, 311: oxide
semiconductor layer, 312: oxide semiconductor layer, 313:
oxide semiconductor layer, 321: source line, 322: power
supply line, 323: electrode, 324: electrode, 325: electrode,
331: reflective electrode layer, 332: semi-transmissive con-
ductive layer, 333: light-emitting layer, 334: light-transmiut-
ting conductive layer, 351: isulating layer, 352: insulating
layer, 333: insulating layer, 334: insulating layer, 335:
insulating layer, 360: region, 361: depression, 378: structure,
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379: black matrix, 384: overcoat, 385: anti-reflection film,
390: space, 401: substrate, 402: substrate, 411: opening, 412:
opening, 413: opening, 414: opening, 420: opeming, 500:
standard layout pattern, 501: pattern, 511: pattern, 530:
standard layout pattern, 531: pattern, 701: transistor, 702:
transistor, 703: transistor, 704: light-emitting element, 705:
contact portion, 710: connection layer, 711: bonding layer,
712: insulating layer, 713: insulating layer, 714: isulating
layer, 715: 1insulating layer, 716: insulating layer, 717:
insulating layer, 718: imsulating layer, 719: spacer, 720:
bonding layer, 721: electrode, 722: EL layer, 723: electrode,
724: optical adjustment layer, 725: conductive layer, 751:
transistor, 752: transistor, 753: contact portion, 760: con-
nection layer, 761: bonding layer, 762: insulating layer, 763:
insulating layer, 764: imsulating layer, 763: insulating layer,
766: msulating layer, 767: overcoat, 770: capacitor, 771:
conductive layer, 771a: conductive layer, 772: dielectric
layer, 773: conductive layer, 774: color filter, 775: black
matrix, 776: conductive layer, 777: structure, 778: opening,
779. wiring, 781: contact portion, 782: contact portion,
7100: television set, 7101: housing, 7103: display portion,
7105: stand, 7107: display portion, 7109: operation key,
7110: remote controller, 7200: computer, 7201: main body,
7202: housing, 7203: display portion, 7204: keyboard, 7205:
external connecting port, 7206: pointing device, 7300: por-
table game machine, 7301: housing, 7302: housing, 7303:
joint portion, 7304: display portion, 7305: display portion,
7306: speaker portion, 7307: recording medium 1nsertion
portion, 7308: LED lamp, 7309: operation key, 7310: con-
nection terminal, 7311: sensor, 7312: microphone, 7400:
mobile phone, 7401: housing, 7402: display portion, 7403:
operation button, 7404: external connection port, 7405:
speaker, 7406: microphone, 7450: computer, 7451L: hous-
ing, 7451R: housing, 7452L.: display portion, 7452R: dis-
play portion, 7453: operation button, 7454: hinge, 74355L.:
left speaker, 7455R: right speaker, 7456: external connection
port, 7500: touch panel, 7501: housing, 7502: display por-
tion, 7503: operation button, 7504: display portion pull,
7505: control portion, 7610: portable imnformation terminal,
7613: hinge, 7615: housing, 7616: display panel.

This application 1s based on Japanese Patent Application
serial no. 2014-122084 filed with Japan Patent Oflice on Jun.
13, 2014 and Japanese Patent Application serial no. 2014-
132646 filed with Japan Patent Office on Jun. 27, 2014, the
entire contents of which are hereby incorporated by refer-
ence.

The invention claimed 1s:

1. A display device comprising:

a first substrate comprising a first surface;

a second substrate comprising a second surface; and

a transistor over the first surface,

wherein a first structure having a projection, a second
structure having a projection, a black matrix covering,
the first structure and the second structure, an overcoat
layer formed by a polyimide resin, an epoxy resin, or an
acrylic resin covering the black matrix, and a color
filter are provided over the second surface,

wherein the first surface faces the second surface,

wherein the black matrix has a plurality of projections

reflecting the projection of the first structure and the

projection of the second structure,

wherein a bottom surface of the black matrix 1s in direct
contact with the first structure and the second structure,

wherein a planar shape of the first structure 1s different
from a planar shape of the second structure, and

wherein the black matrix 1s a single-layer structure.
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2. The display device according to claim 1, wherein the
first structure and the second structure comprise a portion
connected to each other.

3. The display device according to claim 1, wherein the
first structure and the second structure each comprises a
region having a thickness of greater than or equal to 0.2 um
and less than or equal to 3 um.

4. The display device according to claim 1, wherein each
of an angle between a side surface of the first structure and
the second surface and an angle between a side surface of the
second structure and the second surface i1s greater than or
equal to 2° and less than or equal to 80°.

5. The display device according to claim 1, wherein a
thickness of the first structure 1s different from a thickness of
the second structure.

6. The display device according to claim 1, wherein a
refractive index of each of the first structure and the second
structure 1s higher than a refractive index of the black
matrix.

7. The display device according to claim 1, wherein each
of the planar shape of the first structure and the planar shape
of the second structure does not have rotational symmetry.

8. A display device comprising:

a first substrate comprising a first surface; and

a second substrate comprising a second surface,

wherein a first transistor, an insulating layer, and a light-

emitting element over the insulating layer are provided
over the first surface,

wherein a first structure having a projection, a second

structure having a projection, a black matrix covering

the first structure and the second structure, an overcoat

layer formed by a polyimide resin, an epoxy resin, or an

acrylic resin covering the black matrix, and a color

filter are provided over and 1n contact with the second

surface,

herein the first surface faces the second surface,

herein the msulating layer has a plurality of depressions,

herein the light-emitting element comprises a first elec-

trode, a second electrode, and a layer containing a

light-emitting material between the first electrode and

the second electrode,

wherein the first electrode has a plurality of depressions
reflecting the plurality of depressions of the mnsulating
layer,

wherein planar shapes of the plurality of depressions of
the msulating layer are diflerent from each other,

wherein the black matrix has a plurality of projections
reflecting the projection of the first structure and the
projection of the second structure,

wherein a bottom surface of the black matrix 1s 1n direct

contact with the first structure and the second structure,
and

wherein the black matrix 1s a single-layer structure.

9. The display device according to claim 8,

wherein a first pixel and a second pixel are provided over

the first surface, and

wherein a planar shape of the depression in the first pixel

1s a planar shape 1n which the depression 1n the second
pixel 1s rotated 90°.

10. The display device according to claim 8, wherein the
planar shape of the depression does not have rotational
symmetry.

11. The display device according to claim 8, wherein the
first structure and the second structure comprise a portion
connected to each other.
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12. The display device according to claim 8, wherein a
thickness of the first structure 1s different from a thickness of
the second structure.

13. The display device according to claim 8, wherein a
refractive index of each of the first structure and the second
structure 1s higher than a refractive index of the black
matrix.

14. The display device according to claim 9,

wherein a third pixel and a fourth pixel are provided over

the first surface,
wherein the third pixel overlaps with the first structure,
wherein the fourth pixel overlaps with the second struc-

ture, and
wherein a planar shape of the first structure 1s a planar

shape 1n which the second structure 1s rotated 90°.

15. The display device according to claim 8, wherein each
of the planar shape of the first structure and the planar shape
of the second structure does not have rotational symmetry.

16. A display device comprising:

a first substrate comprising a first surface; and

a second substrate comprising a second surface,

wherein a {irst transistor, an 1sulating layer, and a third

clectrode over the insulating layer are provided over the
first surface,

wherein a first structure having a projection, a second

structure having a projection, a black matrix covering

the first structure and the second structure, and an
overcoat layer formed by a polyimide resin, an epoxy
resin, or an acrylic resin covering the black matrix are
provided over the second surface,

wherein the first surface faces the second surface,

wherein the black matrix has a plurality of projections

reflecting the projection of the first structure and the

projection of the second structure,

wherein a bottom surface of the black matrix 1s 1 direct
contact with the first structure and the second structure,

wherein a planar shape of the first structure 1s different
from a planar shape of the second structure,

wherein the black matrix 1s a single-layer structure,

wherein a liquid crystal layer 1s between the first substrate

and the second substrate, and

wherein the isulating layer has a plurality of depressions.

17. The display device according to claim 16, wherein the
first structure and the second structure comprise a portion
connected to each other.

18. The display device according to claim 16, wherein a
thickness of the first structure 1s different from a thickness of
the second structure.

19. The display device according to claim 16, wherein
cach of a refractive index of the first structure and the second
structure 1s higher than a refractive index of the black
matrix.

20. The display device according to claim 16, wherein
cach of the planar shape of the first structure and the planar
shape of the second structure does not have rotational

symmetry.
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21. An mput/output device comprising:

the display device according to claim 1; and

a sensor element,

wherein the sensor element 1s provided over the second
surface,

wherein the sensor element comprises a first conductive
layer, a second conductive layer, and a dielectric layer,
and

wherein the dielectric layer 1s between the first conductive
layer and the second conductive layer.

22. An mput/output device comprising:

the display device according to claim 16; and

an 1nput device,
wherein the iput device 1s provided over the second

surface,

wherein the mput device comprises a second transistor
and a sensor element,

wherein the sensor element comprises a first conductive
layer, a second conductive layer, and a dielectric layer,

wherein the dielectric layer 1s between the first conductive
layer and the second conductive layer, and

wherein the second transistor 1s electrically connected to
the sensor element.

23. The mput/output device according to claim 21,

wherein a third conductive layer 1s provided over the
second surface,

wherein the third conductive layer 1s electrically con-
nected to at least one of the first conductive layer and
the second conductive layer, and

wherein a part of the third conductive layer 1s between the
black matrix and the first substrate.

24. An electronic device comprising:

the mput/output device according to claim 21; and

a microphone, a speaker, a battery, an operational switch,
or a housing.

25. The display device according to claim 1,

wherein each of the first structure and the second structure
1s 1 direct contact with the second surface of the
second substrate, and

wherein the first structure and the second structure com-
prise photopolymer, photosensitive acrylic, or photo-
sensitive polyimide.

26. The display device according to claim 8,

wherein each of the first structure and the second structure
1s 1 direct contact with the second surface of the
second substrate, and

wherein the first structure and the second structure com-
prise photopolymer, photosensitive acrylic, or photo-
sensitive polyimide.

277. The display device according to claim 16,

wherein each of the first structure and the second structure
1s 1 direct contact with the second surface of the
second substrate, and

wherein the first structure and the second structure com-
prise photopolymer, photosensitive acrylic, or photo-
sensitive polyimide.
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